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            Abstract
Functional magnetic resonance imaging (fMRI) is widely used to study the operational organization of the human brain, but the exact relationship between the measured fMRI signal and the underlying neural activity is unclear. Here we present simultaneous intracortical recordings of neural signals and fMRI responses. We compared local field potentials (LFPs), single- and multi-unit spiking activity with highly spatio-temporally resolved blood-oxygen-level-dependent (BOLD) fMRI responses from the visual cortex of monkeys. The largest magnitude changes were observed in LFPs, which at recording sites characterized by transient responses were the only signal that significantly correlated with the haemodynamic response. Linear systems analysis on a trial-by-trial basis showed that the impulse response of the neurovascular system is both animal- and site-specific, and that LFPs yield a better estimate of BOLD responses than the multi-unit responses. These findings suggest that the BOLD contrast mechanism reflects the input and intracortical processing of a given area rather than its spiking output.
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                    Figure 1: Neural and BOLD responses to pulse stimuli.


Figure 2: Time-dependent frequency analysis for population data.


Figure 3: Simultaneous neural and haemodynamic recordings from a cortical site showing transient neural response.


Figure 4: Correlation analysis for the estimation of the impulse response of the neurovascular system and validation of data collected with a pulse or a variable-contrast stimulus.


Figure 5: MRI responses to pulse stimuli at four different contrasts (12.5, 25, 50 and 100%).


Figure 6: Recording hardware.


Figure 7: Elimination of residual interference by applying PCA (see Methods).
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Supplementary information

Controls
Area Normalization: The stronger contribution of LFPs to the BOLD signal could, in principle, be the result of differences in spatial summation, as LFPs usually integrate signals from a couple of millimeters, while MUA does so only for a few hundreds of micrometers. To test whether such an explanation is plausible, we repeated the same experiments outside the magnet, with exactly the same stimulation and anesthesia conditions, but with a 16-electrode multiunit recording system1. Specifically, intracortical recordings were carried out with a 4x4 array of microfiber electrodes (quartz-Pt90W10; 80 lm shaft diameter, 250 lm center-to-center spacing, 250kOhm â€“ 750kOhm impedance, at 500Hz). MUAs of distant electrodes were added using a weighting factor that decreases with the same rate as the LFPs decrease with distance from electrode2.
We (arbitrarily) assumed that MUA is collected from an area of 200x200 lm2, and that LFPs are collected from an area of 2000x2000 lm2, (considering two dimensions only and ignoring changes in the radial direction), which means that about 100 MUA signals (multiple recordings from each electrode) must be "summed" to account for the spatial summation assumed for the LFPs. Since we had only 9 reliably modulated recording sites (out of 16 electrodes), we summed 12 trials from each electrode (108 MUA signals). LFPs and MUA were separated as described in the Methods section. Supplementary Figure 1A shows the original, and 1B the "composite" signal. Figure 2A shows the spectrogram of the original and 2B of the composite signal. As can be seen in the figure, the contribution of MUA with the BOLD signal may even decrease when it is summed in this way. This is presumably due to the lack of significant synchronization in this frequency band. Summing the signals a single trial (9 signals) only slightly increased the transient portion of the MUA, but it never increased the sustained part of the response that is clearly seen in the LFP band.
Transfer Function: To ensure that lower frequencies were not preferentially amplified due to conductance differences at different frequencies, we carefully measured the frequency response of the recording assembly including electrodes, amplifiers and filters. Measurements could be done on and off line, with a system developed in our laboratory (N.K.L., A.O. and M.A., in preparation). Measurements were done as follows: A 1mV zero-to-peak sinusoidal voltage, meant to simulate the neuronal signal, was applied between a region around the electrode tip and a far-located reference by using a simple system, consisting of a wave generator and a voltage divider. The current flowing through the electrode tip was measured indirectly by measuring the output of the amplifier (volts) at various frequencies from 10Hz to 3.56kHz. This amplifier was the same as that used for recordings. By dividing the measured current (zero-to-peak) by the applied 1mV voltage, we computed the conductance (inversely related to the systemâ€™s impedance) of the system for any given frequency.
Figures 3 and 4 show the results. On the y-axis of the diagram we plotted the system conductance â€“ reflecting the system output spectrum for a flat spectrum of the neural signal - and on the x-axis we plotted the frequency. The squares show measurements made with our homemade on-line impedance meter; namely the one used for measuring the impedance of the recording site in the brain. Diamonds show the conductance measured by applying the 1mV stimulus in a saline bath. The increasing deviation of measurements with frequency is due to the 3kHz low-pass filter or other imperfections of the first stage of the recording amplifier. Finally, the continuous line shows the theoretical values of total conductance when a capacitance is assumed that normalizes the line, so that it passes through the measured value at 1kHz.
As it can be seen in these figures, the recording system response is such that the gain at each frequency actually increases monotonically as the frequency increases. That is, the transformation of the system linear transfer function into a constant function, would attenuate MUAs even more with respect to the LFP signals.
Methods
Surgery: A skull-form-specific, custom-made PEEK (Polyetheretherketone; TecaPEEK, Ensinger, Inc., Nufringen, Germany) head-holder was implanted stereotaxically on the cranium of each animal under general anesthesia (balanced anesthesia consisting of isoflurane 1.3% and fentanyl 3lm/kg I.V. injections, with 1.8L/min N2O and 0.8L/min O2) using aseptic techniques. The implant was secured with custom-made ceramic screws (zirconium oxide Y2O3-TPZ 5x1, Pfannenstiel, Germany). During the experiment, the animalâ€™s head was held by a custom-made restraining device. The Frankfurt zero-plane, including the interaural line and the infraorbital ridge (depicted by saline-filled bar-markers), was at an angle 20 degrees off the horizontal plane, and all transverse NMR slices were selected parallel to this plane.
Anesthesia during the Experiment: After premedication with glycopyrolate (I.M. 0.01mg/kg) and ketamine (I.M. 15 mg/kg), a 20-gauge intravenous catheter was introduced into the saphenous vein, and the monitors (HP OmniCare/CMS; ECG, NIBP, CO2, SpO2, temperature) were connected. The monkeys were preoxygenated and anesthesia was induced with fentanyl (3lg/kg), thiopental (5mg/kg), and succinylcholine chloride (3mg/kg). Following the intubation of the trachea, the lungs were ventilated using a Servo Ventilator 900 C (Siemens, Germany), maintaining an end-tidal CO2 of 33mmHg and oxygen saturation over 95%. Balanced anesthesia was maintained with end-tidal 0.35% (0.23 MAC for macaques) isoflurane in air and fentanyl (3lg/kg/hr). Muscle relaxation was achieved with mivacurium (5mg/kg/h). Body temperature was kept constant, and lactated Ringerâ€™s solution was given at a rate of 10ml/kg/h. Intravascular volume was maintained by administering colloids (hydroxyethyl starch, 30-50ml over 1-2 minutes as needed). Emergence from anesthesia was typically without complications and lasted an average of 30 minutes. The paralytic and fentanyl were stopped, and ventilation was reduced to stimulate spontaneous breathing. When spontaneous respiration was assured and the CO2 was below 40mmHg the trachea was extubated. During the entire experiment, depth of anesthesia was controlled by continuously monitoring the vital signs of the monkey and responding accordingly. 
Optical Corrections: Following the restraint of the animal, two drops of 1% ophthalmic solution of the anticholinergic cyclopentolate hydrochloride were instilled into each eye to achieve cycloplegia and mydriasis. Refractive errors were measured after the induction of paralysis, approximately one hour after the application of cyclopentolate. Subsequently contact lenses (hard PMMA lenses, Firma WÃ¶hlk, Kiel) with the appropriate dioptric power were used to bring the animalâ€™s eye to a focus on the plane at which the stimuli were to be presented. The eyes of the monkeys were kept open with custom-made irrigating lid specula to prevent any drying of the tissues. The specula were constructed so as to irrigate the eye at the medial and lateral canthus, with a saline infusion at a rate of 0.05ml/min. 
Generation and Positioning of the Visual Stimulus: The visual stimulator was a dual processor Pentium II workstation running Windows NT (Intergraph Corp., Huntsville, Alabama) and equipped with two VX113 graphics subsystems. The screen resolution of each subsystem was reduced to 640 by 480 pixels and the frame rate to 60Hz. All image generation was in 24 bit true color, using hardware double buffering to provide smooth animation. The stimulation software was written in C and utilized Microsoft's OpenGL 1.1 implementation with the client driver specific for Intergraph hardware. The two 640x480 VGA outputs were used to drive the left- and right-eye liquid crystal displays (LCD) of a fiber-optic system (Avotec, Silent Vision, Florida). Each LCD had a resolution of 832Hx624V and a field of view (FOV) of 30Hx23V degrees of visual angle focused at 2 diopters. The effective resolution was determined by the fiber-optic projection system and was 530Hx400V fibers. Binocular presentations were created using two independently positioned plastic, fiber-optic glasses. Positioning was aided by a modified fundus camera (Zeiss RC250) that permitted the simultaneous observation of the eye fundus and a 30Hx23V degree calibration frame. This process ensured the alignment of the stimulus center with the fovea of each eye.
Timing Control: The timing of stimulus presentation and of the acquisition of images was controlled by a local network of three industrial PCs, each with one Pentium CPU (Advantec, Inc.) running the QNX real-time operating system (QNX Software Systems Ltd., Canada) and our own software for experiment control and data acquisition. A pulse sent by the anesthesia machine triggered a sequence of 32 dummy scans used to avoid magnetization transients. Immediately after the last dummy scan each excitation was preceded by a pulse-signal that was acquired and stored by the state-system program running on the QNX computer. The latter controlled the presentation of the stimuli, the acquisition of physiological signals such as respiration flow, inhaled and exhaled airway pressure and plethysmogramm, the gradient currents, and the neurophysiological signals.
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