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Abstract
Contradictory results from the efforts for detecting evoked neuronal currents have left the
feasibility of neuronal current MRI (ncMRI) an open question. Most of the previous ncMRI
studies in human subjects are suspect due to their inability to separate or eliminate the
hemodynamic effects. In this study, we used a bloodless turtle brain that eliminates hemodynamic
effects, to explore the feasibility of detecting visual-evoked ncMRI signals at 9.4T. The turtle
brain, with its eyes attached, was dissected from the cranium and placed in artificial cerebral
spinal fluid. Light flashes were delivered to the eyes, which produced visual-evoked neuronal
activity in the brain. Local field potential (LFP) and MRI signals in the turtle brain were measured
in an interleave fashion. Although robust neuronal responses to the visual stimulation were
observed in the LFP signals, no significant signal changes synchronized with neuronal currents
were found in the MRI images. Analysis of the temporal stability of the MRI time courses
indicated that the detectable effect sizes are 0.11% and 0.09° for the magnitude and phase,
respectively, and the visual-evoked ncMRI signals in the turtle brain are below these levels.

Advances in non-invasive neuroimaging have greatly enhanced our understanding of the
functional organization of the human brain. However, limitations remain in current leading
neruroimaging methods. EEG and MEG directly measure neuronal electric activity with
high temporal resolution, but afford limited spatial resolution and uncertainty of activation
location due to the inverse source problem. Functional MRI (fMRI) and PET techniques
detect changes in regional hemodynamic and metabolism (blood flow/volume/oxygenation
and glucose metabolism) that accompany changes in neuronal activity. However, due to the
variation of vasculature and the complex nature of neuronal-hemodynamic coupling, both
fMRI and PET techniques are unable to achieve high spatial and temporal accuracy for
mapping neuronal activity.

To overcome the limitations of present neuroimaging methods, researchers have made
efforts to use MRI to measure directly the magnetic fields generated by the neuronal
electrical activity, termed neuronal current MRI (ncMRI). Neuronal activity generates
changes in ionic currents along neuronal axons and dendrites. The ionic currents produce
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weak, transient magnetic fields around the neurons. The component of neuronal magnetic
fields parallel to the B0 field of a MRI scanner will change the precession rate of nuclear
spins and may induce both coherence phase shift and phase dispersion, which can be
measured by the phase and magnitude of MRI signal, respectively. Since ncMRI signal is
based on ionic flows that are directly associated with synaptic events and regenerative
spikes, it would offer substantial improvement in both spatial and temporal resolutions and
therefore provide a more reliable measurement relevant to the fundamental
electrophysiological events underlying cognitive processing.

The fundamental question needs to be addressed is not whether ncMRI signals exist, but
rather, are they large enough and sufficient coherent to be detectable with current
technology. To date, the answer to this question has been equivocal. Successful detection of
ncMRI signal on human brain has been reported by several groups (1–9), while others (10–
14) have failed to capture the neuronal electric activity using MRI. The discrepancies
between these studies could be caused by contamination from hemodynamic effects, which
have not been clearly separated from the direct neuronal electric signals in previous human
ncMRI studies (15) except in Chu’s study (11). In addition, the physiological noise such as
cardiac pulsation and respiration in the human subjects may also contribute to the
contradictory findings in previous human ncMRI studies.

One obvious way to eliminate the possibility of hemodynamic contamination of the ncMRI
signal and physiological noise is to record from neural tissue using an in vitro experimental
system. This approach has been used recently by two groups to study ncMRI signals, i.e.,
Park et al. (16, 17) using isolated snail ganglia and Petridou et al. (18) using rat organotypic
brain cultures. Both groups reported successfully detecting ncMRI signals in response to
either electrical stimulation or pharmacological intervention. While encouraging, these
studies leave open the question whether ncMRI signals can be recorded from an intact
vertebrate central nervous system in response to normal sensory stimulation?

In this study, we used a bloodless and intact turtle brain to explore the feasibility for
detecting the visual-evoked ncMRI signal. After being surgically removed from the cranium
and placed in artificial cerebral spinal fluid (aCSF), the turtle brain with the eyes attached is
able to display essentially normal electrophysiological activity in response to visual
stimulation for 72 hours or more (19, 20). This isolated turtle eye-brain preparation provides
a useful animal model for exploring the feasibility of ncMRI techniques. Because of the
turtle’s resistance to anoxia, it is not only possible to record apparently normal brain
electrical activity in vitro, but to record this activity from an intact brain in which most, if
not all, of the blood has been removed previously by cardiac perfusion with aCSF.
Moreover, since the eyes can be left attached to this “bloodless” brain in vitro, it becomes
possible to study ncMRI signals evoked by natural sensory stimulation.

In the study reported below, we used brief white light flashes to stimulate the turtle eye-
brain preparation in vitro. Since visual stimulation evokes neuronal activity not only in the
dorsal area of the turtle’s cerebral cortex, but also the optic tectum (the reptilian homolog of
the superior colliculus), we acquired MRI images in both brain areas at a 9.4T MRI scanner.
The local field potential (LFP) was recorded using the identical visual stimulation paradigm
as used in the ncMRI experiment. The LFP signals provided the temporal information (i.e.
peak latency and response duration) for the optimization of the MRI acquisition. To detect
the ncMRI signal changes, we compared the MRI images acquired during the time window
of the visual-evoked activation (monitored and determined by the LFP signals) with the MRI
images collected during baseline.
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Results
To produce evoked neuronal activity in the turtle brain, a visual stimulus with duration 50ms
was delivered to the eyes every 16s. A total of eight turtles were used to detect the LFP and
ncMRI signals generated by the visual evoked neuronal activity.

Visual-evoked LFP signal
LFP signals for the visual-evoked activity were recorded in the visual cortex and optic
tectum immediately before and after the MRI session (Figure 1A). During the MRI session,
an interleaved LFP/MRI acquisition strategy was used. A single channel LFP signal in the
tectum was collected between any two adjacent MRI scans. The LFP signal was measured
only at one point in the tectum during the MRI session. This ensured that the susceptibility
effects of the silver electrodes would not affect the MRI signals in the visual cortex and
most areas of tectum. The purpose of LFP recording was twofold. First, the LFP signals
were used to monitor whether the turtle brain responded to the visual stimulation during the
MRI scans. Second, the temporal information provided by the time course of visual evoked
LFP signal was utilized to optimize the time windows of MRI acquisition.

In all the eight turtle brains, a robust, strong and transient response to the visual stimulation
was observed in the LFP traces measured immediately before and after the MRI session, and
in the LFP signals that were recorded interleaved with the MRI scans. A typical example of
the LFP signals in a turtle is given in Fig. 1B–E. The LFP signals shown in the figure were
obtained by averaging the signals of 20 trials. Each trial lasted 16s, which included a
stimulus of 50ms followed by a rest period (stimulus off) of 15.95s. The visual-evoked LFP
signals were composed of a strong positive peak followed by a weaker negative component.
Averaged over the eight turtles, the peak latency (time reach to the peak from the stimulus
onset) and the response duration (full width at half maximum of the peak) in the visual
cortex (tectum) were 221±36ms (119±23ms) and 205±31ms (87±15ms), respectively. The
visual-evoked LFP signals in all the eight turtles completely returned to the baseline within
1.6s after the stimulus onset.

Visual-evoked ncMRI signal
Five slices were selected to cover the whole visual cortex and optic tectum of the turtle brain
(Fig. 2A). Based on the LFP time courses obtained prior to the MRI session, a time delay (τ
in the range of 25–50ms for eight turtles, and the value of τ was determined for each
individual turtle) was set between the start of visual stimulation and MRI acquisition to
ensure that the imaging slices at the central cortex (slice 4) and tectum (slice 2) were
acquired during their respective positive peaks of neuronal electrical activity (Fig. 2B). The
MRI images for six different echo times (TEs=15–40ms with 5ms interval) were acquired in
six separate MRI scans, respectively (see Fig. 1A). For an individual TE, 8 images were
acquired for each slice with a repetition time (TR) of 2s in each trial, and a total of 140 trials
were collected. For each slice, the first image in each trial was acquired during the visual-
evoked neuronal activity (active state) and the subsequent seven images in each trial were
acquired when the neuronal activity completely returned to the baseline (resting state).

The voxel-wise analysis with multiple comparison correction (see Methods) was used for
detecting the ncMRI signal. For each slice and each individual TE, one t-map was obtained
by statistically comparing the images at active state and that at resting state. Totally 240 t-
maps (8 turtles × 6 TEs × 5 slices) were produced from the magnitude/phase images. In the
240 t-maps (for both negative and positive signal changes), there were only 11/9
(magnitude/phase) voxels in total above the significance level (p<0.05 corrected for multiple
comparisons). No more than two voxels exceeded the statistical threshold in any single t-

Luo et al. Page 3

Neuroimage. Author manuscript; available in PMC 2013 December 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



map. In addition, these 11/9 (magnitude/phase) voxels were randomly distributed in the non-
visual brain regions. All these facts implied that the 11/9 voxels resulted from an effect by
chance. In other word, the multiple comparison analysis showed that no significant ncMRI
signal was detected.

An alternative and less conservative data analysis method was also performed to avoid the
possible missing in detection of the weak ncMRI signal. The method used a low statistical
threshold (p<0.05 uncorrected) and was termed as fast effect (FE) vs. control (see Methods).
For each slice, the FE and control t-maps were obtained by statistically comparing the first
and second images to subsequent six images in each trial, respectively. In each trial, only the
first image was acquired during the visual-evoked neuronal response, and the second and the
subsequent six images were all acquired during the baseline. Thus, it was expected that the
ncMRI activation, if measurable, would be present in the FE t-map but not in the control t-
map. Fig. 2C shows the typical FE and control t-maps (p<0.05 uncorrected) for negative
signal changes overlaid on the T2-weighted high-resolution anatomical image. The t-maps
were obtained from the magnitude images of TE=20 ms. It can be seen that there are a few
voxels above the significance level in the turtle brain, and they are scattered throughout the
brain with few clusters in both FE and control t-maps (Fig. 2C). It is found that the spatial
distribution and the total number of “activated” voxels (meaning the voxels at p<0.05) in the
FE t-maps are comparable to that in the control t-maps. No statistically significant difference
was found in terms of the number of “activated” voxels, and percent MRI signal change
averaged over the “activated” voxels in the five imaging slices (n=8, see Fig. 2D). Similarly,
in the FE and control t-maps for positive signal changes, only a few voxels surpass the p-
threshold (=0.05) and are scattered throughout the brain. There are 16±3 and 17±3
“activated” voxels in the FE and control t-maps of the eight turtles, respectively. The
average percent MRI signal changes of the “activated” voxels are 0.16±0.04% and
0.15±0.03%, respectively. Thus, there is no statistically significant difference in the number
of “activated” voxels (p=0.7, n=8) and averaged signal change (p=0.8, n=8) for the FE and
control t-maps of positive signal changes. The data analysis of magnitude images for other
TEs (TE=15 to 40ms with interval of 5ms) also reached the same conclusion: the number of
“activated voxels” and average signal change did not vary significantly between the FE and
control t-maps.

In the phase images, again, there are a few scattered “activated” voxels in both FE and
control t-maps for both negative and positive changes. In the FE t-maps of TE=20 ms for
negative/positive signal changes, the number of “activated” voxels are 8±3/10±2 and the
MRI phase signal changes averaged over the “activated” voxels are −0.12±0.02°/0.14±0.03°
(n=8). In the corresponding control t-maps, there are 10±3/11±4 “activated” voxels and the
average phase negative/positive signal changes are −0.10±0.03°/0.13±0.02°. The FE t-maps
do not significantly differ from the control t-maps in terms of the number of “activated”
voxels (p=0.5/0.7, n=8) and average MRI phase changes (p=0.4/0.7, n=8). The same
conclusion was also drawn from the phase images for other TEs.

The results from the voxel-wise data analysis demonstrated that there were no significant
differences in “activated” voxels and MRI signal changes between the FE and control t-
maps. This suggests that the “activated” voxels shown in the FE t-maps are likely generated
by random noise, just as the control t-map does. In the present study, the measured temporal
stability (1/(temporal signal-to-noise ratio)) of magnitude/phase MRI image time series was
0.57%/0.52°. Totally 980 time points (140 trials and seven images for each slice in each
trial) were used to calculate the FE and control t-maps, and the ratio of the time points at
active state to the total number of time points was 1/7. For this experimental condition, the
power analysis (21) estimated that the lowest signal change (effect size) can be detected for
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p<0.05 uncorrected would be 0.11%/0.09°. The absence of ncMRI activation in the FE t-
maps implies that the visual-evoked ncMRI signal should be below 0.11%/0.09°.

MRI data was also analyzed in a region-of-interest (ROI) fashion (see Methods). In the ROI
analysis for cortex, four ROIs (medial cortex, dorsomedial cortex, medial visual cortex, and
lateral visual cortex) were selected to cover the four major cortical areas (schematic drawing
of cortex in Fig. 2C), respectively. Each ROI included two sub-regions which correspond to
the two parts of a cortical area in left and right brain hemispheres, respectively. The ROI-
averaged signals of each cortical area, visual cortex, and whole cortex were obtained by
averaging the MRI signals inside each ROI, the ROIs of medial and lateral visual cortex, and
all four ROIs. An ROI-averaged signal was composed of 140 trials and 8 data points per
trial. In the ROI analysis for tectum, one ROI was selected to cover the tectal tissue (color
region in the schematic drawing of tectum in Fig. 2C), and the corresponding ROI-averaged
signal was obtained. It is found that in all the ROI-averaged magnitude/phase signals in
cortex and tectum of the eight turtles for TE=20ms, the noise levels (standard error of mean)
are in the range of 0.02%–0.04%/0.01°–0.03°, while the signal changes at active state
(including the first data point in each trial) relative to resting state (including data points 2–8
in each trial) are all lower than 0.01%/0.01°. Therefore, the signal changes are below the
noise level, and there is no statistically significant difference between the signals at active
state and those at resting state. Fig. 2F and 2E show an example of ROI-averaged signals
averaged over the 140 trials in the visual cortex and tectum of one turtle (TE=20 ms). It is
shown that the signal changes in magnitude/phase at the first data point (active state) relative
to the data points 2–8 (resting state) are below the noise level. However, the corresponding
LFP traces (averaged over 20 trials) of the visual cortex and tectum (Fig. 2H and 2G)
demonstrate that there are strong visual-evoked neuronal activity during the time windows
of the first data points in the MRI time courses (Fig. 2F and 2E). This suggests that the
visual-evoked neuronal electrical activity was produced in the turtle’s cortex and tectum, but
the ncMRI signals associated with the neuronal activity were too small to be detected. The
ROI analysis on the images for other TEs also reached the same conclusion.

Discussion
Using the turtle eye-brain preparation, we investigated the feasibility of detecting ncMRI
signals in the absence of hemodynamic effects and physiological noise such as cardiac
pulsation and respiration. We found that the visual-evoked neuronal currents did not result
in measurable and significant MRI signal (magnitude and phase) changes. This suggests that
the ncMRI signal induced by normal sensory stimulation could be too small to be measured
with current detection methods. In the present study, we acquired the MRI images at high
magnetic field (9.4T) with localized surface receiving coil, and used 980 time points for
calculating the t-maps. This allowed us to detect an ncMRI magnitude/phase signal change
as low as 0.11%/0.09° (p<0.05). The absence of ncMRI signal measured in this study
suggests that the visual-evoked ncMRI signals are lower than 0.11%/0.09°.

A difference of 10,000–100,000 times exists in the order of ncMRI signal changes predicted
by different theoretical models and phantoms studies (22–28). Optimistic models (25, 27)
predict that the ncMRI signal changes in magnitude (phase) can reach up to the order of 1%
(1 degree), while conservative models (26, 28) estimate that the ncMRI signal changes in
magnitude (phase) are on the order of 10−7 (10−4 degree). If the conservative models are
valid, the present MRI technology is not able to measure a signal change of 10−7 (10−4

degree) in a practical way. If the optimistic model (27) was used to estimate the visual-
evoked ncMRI signal changes in our experimental condition (TE=20ms), it would be
approximately 0.32% in magnitude and 0.21 degree in phase. Our experimental strategy
allowed the detection of ncMRI signal changes in magnitude (phase) above 0.11% (0.09
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degree). The absence of the measurable ncMRI signal in our study implied that the
optimistic models have overestimated the ncMRI signal changes.

The unique feature of the turtle eye-brain experiments presented in this study is the ability to
preserve the entire visual system and brain neural network, allowing for performing the
sensory (visual) stimulation. In contrast, the snail ganglia and rat cell cultures used in
previous in vitro ncMRI experiments (16–18) do not include the nervous system that
perceives and processes physiological stimulation. By applying sodium-nitrosocystein and
electrical stimulation to generate epileptiform neuronal activity in the snail ganglia, Park et
al. (16, 17) found a magnitude MRI signal decrease of 5.49% and 2.97% at 3T, respectively.
In a later report (26), based on their theoretical analysis, the same authors concluded that
these signal changes are unlikely to be caused by the magnetic fields produced by the
neuronal activity. In the rat cell culture study (18), MRI phase signal decreases of 0.15 to 3°
were observed at 7T by suppressing the spontaneous neuronal activity with tetrodotoxin.
Little information was provided from the previous in vitro studies for determining the
likelihood of detecting and estimating the size of the ncMRI signals changes in the present
study. The amplitude of ncMRI signal changes is closely related to the structure of neural
networks (28) and the type of neuronal activities (evoked, spontaneous and epileptic event)
(29). Differences in neural networking and stimulation tasks will affect both the number of
neurons fired synchronously and the intensity of neural currents. The estimation of any new
ncMRI experiments based on any previous experiments will only be meaningful if exact
information is provided regarding the morphology and biophysical property of neurons, the
electrophysiological characteristics of pre-synaptic and post-synaptic activity induced by the
stimulation, and the synaptic connections in the neural network.

During the experiment, the turtle brains were bathed in Ringer’s solution, which is
oxygenated with 95% oxygen gas (O2) and oxygen is transported into the tissue to supply its
energy metabolism. Due to the paramagnetic property of O2, the variation of neuronal
activity can change the oxygen consumption rate and oxygen concentration, resulting in
MRI signal changes (30). It was observed that oxygen consumption rate can be increased as
much as 30% in response to an event-related stimulation paradigm (31). Based on the 30%
oxygen consumption rate change, the upper limit of oxygen-induced MRI signal changes
was estimated to be 0.02%/0.04° in magnitude/phase (30). Therefore, the detection
sensitivity of ncMRI signals will depend on the oxygen effects and the lower limit of its
detectability will be 0.02%/0.04° in magnitude/phase.

We showed results when the visual stimulation was delivered simultaneously to both eyes of
the turtles (n=8). Also, in three of the eight turtles, we applied the stimulation to just one
eye. Again, no ncMRI magnitude and phase signal changes associated with the visual-
evoked activity were found in these single eye stimulation experiments. In turtle brain, the
left and right cerebral cortex receive excitatory input entirely from the contralateral eye, so
the intensity of neuronal activity in the left and right visual cortex would not change when
stimulating one eye as compared to the stimulation of two eyes. When applying the
stimulation to both eyes, considering that the apical dendrites of pyramidal neurons are
approximately perpendicular to the cortical surface, a part of neuronal currents in the left
and right dorsomedial/medial cortical areas (Fig. 2C) would be orientated in opposite
directions, and then result in the cancellation of neuronal magnetic fields in the vicinity of
the middle line of the cortex. When stimulating a single eye, the visual evoked neuronal
activity was present in only one side of cortex, so the neuronal magnetic fields in the
dorsomedial/medial cortical cortex would not be canceled. Therefore, the ncMRI signals in
the dorsomedial/medial cortical cortex would be larger for one-eye stimulation compared
with two-eye stimulation. However, the two-eye stimulation would not reduce the ncMRI
signals in the visual cortex, because the pyramidal neurons in the left and right visual cortex
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are approximately parallel. The results of optical imaging (voltage-sensitive dye)
experiments (32) in turtles have shown that the most intense visual-evoked neuronal activity
appears in the medial visual cortex, so the maximum ncMRI signals in the turtle brain
should be located in the visual cortex. Thus, the possibility for detecting the maximum
ncMRI signal changes in the turtle brain would be same for one-eye stimulation and two-eye
stimulation.

A relative long and fixed inter-stimulus interval (ISI=16s) was used in the visual stimulation
paradigm to ensure the consistent responses to all the visual stimuli. The visual-evoked
neuronal response returned to the baseline within 1.6s after the stimulus onset. The ISI is
much longer than the duration of the response. If we shortened the ISI, the duty cycle of the
stimulation paradigm would be increased and the detection power would be improved.
Unfortunately, short ISIs can not be implemented, because they induce considerable
neuronal adaptation, which reduces the intensity of neuronal response significantly and even
leads to the absence of visual evoked neuronal activity in visual cortex. We tested the ISI=5s
and 10s, and found that the peak value of cortical LFP signals (averaged over 20 trials)
decreased by approximately 62% and 28% compared to the LFP signals for ISI=16s,
respectively. Furthermore, the intensity of neuronal responses varied significantly in
different trials, and even no response was produced in some trials at the short ISIs. This
would decrease the sensitivity and reliability for measuring the ncMRI signals. Thus, an ISI
of 16s was chosen to ensure that the turtle brain produced strong and consistent neuronal
responses to all the visual stimuli.

Full field flash has been the most used visual task in the study of turtle visual system over
the past xx years. Using the full field flash in the present ncMRI experiments has scientific
benefits in best utilizing the knowledge on the turtle visual neuronal activity gained by
previous studies. In addition to the full field flash study, we also have measured the LFP
signal on turtle brain in response to the checkerboard visual task (widely used in human
studies), to determine whether or not it is able to produce less neuronal adaptation and
stronger neuronal activity in turtle visual cortex than the full field flash does. The results
from our comparison study show that the behavior of the neuronal adaptation for various
ISIs in the turtle visual cortex is similar between checkerboard and full field flash
stimulations (supporting information (SI) Fig. S1). In addition, there is no statistical
difference in the peak amplitude of the LFP signal in turtle visual cortex between these two
stimuli (Fig. S2). The continuous search of other visual tasks that may produce less neuronal
adaptation and stronger neuronal responses is underway in our laboratory.

Although turtle and mammal brains share many characteristics, further investigation is
needed to extend the conclusions of the present study to in vivo human ncMRI studies. The
ncMRI signal changes depend on the neuronal currents in individual neurons and the degree
of synchrony of their firing, which are related to morphology and biophysical properties of
neurons and neural networking. It has been known that the morphology and
electrophysiological properties of pyramidal neurons in turtles are similar to those in
mammals (33, 34). Like mammals, turtles also have a layered cerebral cortex with a primary
visual area (V1). Lateral geniculate neurons in the thalamus that receive direct excitatory
input from retinal ganglion cells relay this visual information to both pyramidal cells and
local inhibitory interneurons within V1 (35). However, although there is similarity in the
visual information processing between turtles and mammals, the density of firing neurons
induced by visual stimulation in turtles has not been measured through experiments. Further
experiments and theoretical modeling need to be performed to quantitively compare the
ncMRI signals in turtle brains with that of human brains.
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The results in this study indicate that the ncMRI signal induced by visual-evoked neuronal
activity is beyond the detection capability (magnitude/phase=0.11%/0.09°) of our
experimental design. To further improve the detection power of the ncMRI technology, one
straightforward method is to increase the number of image averages. The prepared turtle
brain can show stable neuronal response to visual stimulation for up to 72 hours, so more
MRI images in turtles can be acquired. The detection power will be augmented through
more averages (square root of N). Several imaging pulse sequences have been proposed for
more effective measuring ncMRI signal, such as alternating balanced steady-state free
precession (36) and stimulus-induced rotary saturation (37). An alternative proposal to
detect the ncMRI is to use an extremely low magnet (10−6T) so that the BOLD effects are
negligible (38–40). By applying these new ideas and novel technology, more information
regarding the order of ncMRI signals will be able to be determined experimentally.

Methods and Materials
Animal preparation

The experiments were performed on eight wild-caught adult pond turtles (Pseudemys
scripta, Niles Biological, Sacramento, CA) with carapace lengths between 10 and 15cm.
Use of the animals was approved by our institutional animal care and use committee. The
surgery for isolating the complete brain from the turtle cranium with the eye attached has
been detailed elsewhere (19, 32, 41). Briefly, a rectangular segment (approximately
4×3cm2) of plastron over the heart was removed from the anesthetized turtle with an electric
hand drill, and then the pericardium was opened and the right atrium was incised. To remove
the blood from the turtle brain’s vasculature, the turtle was transcardially perfused through
the ventricle with about 300ml of Ringer’s solution. The Ringer’s solution is an aCSF with
the following composition (in mM): 96.5 NaCl, 2.6 KCl, 4 CaCl2, 2 MgCl2, 31.5 NaHCO3
and 10 D-glucose, gassed to pH 7.6 with 95% O2 and 5% CO2. When the blood had been
cleared from the body, the animal was rapidly decapitated. The brain with eyes attached was
dissected from the cranium and placed in the recording chamber filled with Ringer’s
solution. It took approximately 3–4 hours in total to finish all the procedures of animal
preparation. The dissection of turtle eye-brain was performed in Ringer’s solution, which
maintained the normal energy metabolism in the eye-brain.

Experimental setup
The experimental setup is shown in Fig. 3. During the LFP recording and ncMRI data
acquisition, the turtle eye-brain preparation was placed in the recording chamber. The
recording chamber was an open top box made of opaque plastic. The top of the chamber was
closed by a lid with screws when the MRI image acquisition and LFP recording were
performed. The recording chamber was secured in a customized animal holder, and the turtle
brain and eyes were stabilized in the chamber with the plastic block and eye holder to
minimize/eliminate any potential motion-related artifacts.

There were two tubings on the bottom of the chamber. Through one of the tubings, fresh
Ringer’s solution was perfused into the chamber continuously by a peristaltic pump (Mini
Star, World Precision Instruments, Sarasota, FL). The excess solution flowed out of the
chamber through the other tubing. A low perfusion speed (~1mL/min) was used to ensure
that the flow would not cause movement of the turtle brain. No artifacts induced by the
perfusion process were observed in the MRI images acquired in this study. Also, the signal
to noise ratio and temporal stability in the MRI images acquired with perfusion were
comparable to that in the MRI images collected without perfusion.
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A white LED source was used for visual stimulation. The onset and duration of white light
flashes were controlled by the TTL pulses generated by E-Prime (Psychology Software
Tools, Pittsburgh, PA). The visual stimuli were simultaneously delivered to both eyes of the
turtle through two separate optical fiber bundles. The plastic tips of optical fiber bundles
were inserted into the recording chamber and fixed with plastic screws (Fig. 3). The optical
fiber tips were about 1 cm away from the eyes.

The LFP signals in the turtle brain were collected by placing the tips of two Teflon-coated
silver wires on the brain and in the solution. The other tips of the silver wires were fixed on
the chamber’s wall and connected to a differential AC amplifier (A–M 1700, A–M Systems,
Carlsborg, WA) located outside the 5-Gauss line and about 3 m from the scanner center. The
LFP signals from amplifier were digitized and recorded.

Visual stimulation paradigm
An event-related visual stimulation paradigm was used in the LFP and ncMRI experiments.
The duration of each stimulus (white light flash) was 50ms, and ISI=16s. The paradigm
consisted of 20 and 141 trials for the LFP recording and ncMRI experiment, respectively
(see Figs. 1A and 2B).

LFP data acquisition and processing
The LFP signals were recorded in the visual cortex and optic tectum of the turtle eye-brain
preparations. The timing diagram of the LFP recordings is shown in Fig. 1A. The LFP
recordings were performed at four points in the turtle brain (centers of left cortex, right
cortex, left tectum, and right tectum) immediately before and after the MRI session. To
further ensure that the visual stimulation induced neuronal electrical activity in the turtle
brain during each MRI scan, the LFP signals at the center of either the left or right tectum
were recorded interleaved with the MRI scans. The filter setting for the LFP amplifier was
1Hz low-cut and 1KHz high-cut. The LFP signal was averaged over the 20 trials to obtain
the mean LFP time course of the visual stimulus-locked evoked neuronal activity. The
neuronal response peak latency (time delay between the maximum response peak and the
stimulus onset) and peak duration (full width at half maximum of the peak) were obtained
from the mean LFP time courses.

ncMRI data acquisition
The ncMRI data were acquired on a Bruker 9.4T MRI scanner (Bruker, Karlsruhe,
Germany) with a circular surface RF coil of 2.5cm diameter, using a single shot gradient
echo EPI sequence with the following parameters: FOV=3×3cm2, matrix size=64×64
(resolution≈0.47×0.47mm2), TR=2s, and rf pulse flip angle=65° (Ernst angle). Since the
ncMRI signal change depends upon TE, six different TE values (=15 to 40ms with 5ms
interval) were used to explore the possibility for detecting the ncMRI signal. It should be
noted that the MRI data for different TEs were acquired from separate scans, and a fixed TE
was used in an individual MRI scan. As Fig. 2A shows that the rostral-caudal (head-tail)
direction of the turtle brain was positioned to be parallel to B0, and therefore the surface of
visual cortex was perpendicular to B0. Since the dendrites of pyramidal neurons are
approximately perpendicular to the cortical surface, the neuronal currents in the visual
cortex are nearly perpendicular to B0. This position would maximize the components of the
magnetic fields generated by the neuronal currents on the direction of B0, and result in the
strongest ncMRI signals. Five 2mm thick axial image slices were selected to cover the
whole cortex and tectum of turtle (Fig. 2A). Slices 4 and 2 were located at the central cortex
and tectum, respectively. To allow the mapping of ncMRI data on an anatomical reference,
the corresponding high-resolution T2-weighted anatomical images were acquired using a
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rapid acquisition with relaxation enhancement (RARE) sequence with TR=2s, TE=80ms,
RARE factor=8, and matrix size=192×192.

The ncMRI acquisition strategy is shown in Fig. 2B. To capture the maximum ncMRI signal
in the central visual cortex and optic tectum, a time delay (τ) was set between the start of
visual stimulation and that of the MRI data acquisition. This ensured that the acquisition
windows of slices 4 and 2 were located within the positive response peak of visual-evoked
neuronal activity in the cortex and tectum, respectively. It should be noted that τ could vary
in the experiments for different turtles, and was determined from LFP signals recorded
(prior to MRI) in the individual turtle brains.

ncMRI data analysis
An ncMRI data set includes 141 trials and for each image slice there were 8 images in each
trial. The first and the subsequent seven images in each trial were acquired during the visual-
evoked neuronal activity (active state) and the baseline (resting state), respectively. Before
analyzing the data sets, the images of the first trial (0–16s) were discarded to ensure that the
MRI signal reached steady-state. To preserve the potential relative small activated foci (be
well localized in the firing neurons) and nature of the ncMRI map, no spatial smoothing was
applied to the MRI images (4). Both voxel-wise and ROI data analysis methods were used to
detect the ncMRI signals in the MRI images as described below:

The voxel-wise analyses—Two strategies were adopted for the voxel-wise analysis: (1)
Multiple comparison correction: For each slice and for each individual TE (15 to 40ms and
5ms interval), the magnitude/phase images were divided into two groups, which consisted of
the images at active state (first image in each trial) and that at resting state (subsequent
seven images in each trial), respectively. A t-map was obtained by performing a student’s
group t-test on the two groups of images. The activated voxels for both negative and positive
signal changes were identified by thresholding the ncMRI t-maps with p<0.05, Bonferroni
corrected for multiple comparisons (42). Bonferroni correction would be more appropriate
than Gaussian field correction for the data analysis in this study, because it is less severe
when no spatial smoothing is applied to the MRI data (43). The voxels outside the brain
region were removed and not considered in the further analysis. The number of voxels inside
the brain region for each slice and for each turtle was varied, and it was in the range of 102–
397. Thus, the threshold t-value corresponding to p=0.05 corrected was in the range of 3.5–
3.8. (2) Fast effect (FE) vs. control: For each slice and each individual TE, a FE t-map was
obtained by applying a group t-test between the image group at active state and the one at
resting state, which included the first image and the last six images in each trial,
respectively. The corresponding control t-map was obtained by carrying out a group t-test on
the two image groups both at resting state. These two groups were composed of the second
image and subsequent six images in each trial, respectively. The FE and control tmaps were
thresholded at p<0.05 uncorrected. For each individual TE, the FE and control t-maps of the
eight turtles were statistically compared in the number of voxels above the statistical
threshold in the brain (5 slices) and the signal changes averaged over these voxels. Since all
the “activated” voxels (voxels at p<0.05 uncorrected) in the control t-maps should be
attributed to random noise, if there was no statistically significant difference between the FE
and control t-maps, the “activated” voxels in the FE t-maps would be considered to be
induced by random noise just as the control t-maps does.

ROI analysis—In the magnitude/phase images of each individual TE, four ROIs in the
cortex (slice 4) and one ROI in the tectum (slice 2) were selected to cover the brain areas
(color regions in the schematic drawing in Figure 2C) involved in the visual-evoked
neuronal activity. Each ROI in the cortex was composed of two sub-regions that cover the
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two parts of a cortical area in the left and right brain. The ROI-averaged signals for each
brain area and for the entire cortex were obtained by averaging the MRI signals inside each
ROI and all the ROIs of cortex together. In addition, since the strongest visual-evoked
neuronal activity should be present in the visual cortex, the ROI-averaged signals for the
visual cortex were also obtained by averaging the MRI signals inside the ROIs of medial and
lateral visual cortex together. Each ROI-averaged signal included 140 trials and 8 data
points in each trial. To examine if there were significant ncMRI signal changes during the
visual-evoked activity relative to the baseline, the MRI signals of the data points at active
state (including the first data point in each trial) were compared with the ones at resting state
(including data points 2–8 in each trial) using a group t-test (p<0.05 uncorrected).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The timing diagram of LFP recording and MRI data acquisition. Before and after the
MRI session, four LFP recordings (20 trials for each recording) were performed at the center
part of left, right cortex and tectum, respectively. During the MRI session, an interleaved
LFP/MRI acquisition was performed. An MRI session was composed of six MRI scans (141
trials per scan), and each MRI scan used a different and fixed TE (TE=15–40ms with
interval of 5ms). The single channel LFP signal in either the left or right central tectum was
collected between any two adjacent MRI scans. (B–E): Visual-evoked LFP signals measured
immediately before and after the MRI scan in the left (B) and right (C) visual cortex, and
left (D) and right (E) optic tectum of the turtle brain. A LFP trace recorded interleaved with
the MRI scans is shown in (D). The picture in the middle shows an isolated turtle eye-brain,
and the major parts (olfactory bulb, cerebral cortex, optic tectum, and cerebellum) of turtle
brain are indicated in the schematic drawing on the right of the picture.
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Figure 2.
(A) The slice location in the MRI data acquisition. (B) The time diagram of ncMRI data
acquisition. (C) The fast effect (FE) and control (Ctrl) t-maps (p<0.05 uncorrected) of
negative signal changes overlaid on the T2-weighted anatomical images. The t-maps were
obtained from the magnitude images of TE=20 ms in a single turtle. The schematic drawing
below the maps shows the major brain areas of cortex and tectum in slices 4 and 2,
respectively. The cortical areas include medial cortex (M), dorsomedial cortex (DM), medial
visual cortex (VCM), and lateral visual cortex (VCL). (D) The statistical comparison
between the FE and control t-maps of negative magnitude signal changes in terms of the
total number of “activated” voxels (voxels at p<0.05) and the MRI percent signal change
(absolute value) averaged over the “activated” voxels. (E) and (F) show the ROI-averaged
signals (averaged over 140 trials) in the optic tectum and visual cortex (VCM+VCL) in a
single turtle, respectively. The corresponding LFP traces (averaged over 20 trials) are shown
in (G) and (H), respectively. In (E)–(H), the visual stimulus onsets at 0s and the stimulus
duration is 50ms.
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Figure 3.
The diagram of experimental setup and the design of recording chamber.
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