








between different experimental conditions using two sample
t-tests.

B. Identification of the LLRs

After signing an informed consent, three volunteers have
performed a two-session experimental protocol, the first one
involving fMRI scanning (MRI) and the second conducted in
a lab environment (LAB). During the MRI session subjects
were exposed to the protocol described in Sec. II-B.1 while
undergoing our modified whole-brain fMRI sequence. The
same set of perturbations was then applied in the LAB
session that, due to the pseudo-randomic selection of per-
turbation velocities, was arranged in with different order.

EMG data processing was done as described in the section
II-C.2 and the metric H was extracted for the FCR and
ECU, in both experimental conditions. For each velocity we
have then computed the LLR rate, defined as the number of
perturbations identified as reflexive over the total number
of perturbations, for both LAB and MRI sessions, and
calculated the LLR rate error as the difference between the
two values, for all muscles, at different velocities.

IV. PILOT VALIDATION EXPERIMENT

One subject was recruited and exposed to an experimental
session that featured all the components of the StretchfMRI
technique to establish the involvement of RF in the gener-
ation of the LLR. The experiment was composed of three
sessions, one performed in the lab, necessary to obtain the
expected LLR rate required in the adaptive filter, and two
performed during fMRI imaging. Imaging parameters in-
cluded: Multi-Band Accelerated EPI Pulse sequence; 2x2x2
mm3 voxel resolution, with 0.3 mm slice spacing, 46 deg
degree flip angle, 880x880 px per image, 64x110x110 mm3

image volume; TR=1000 ms, and TE=30 ms; pixel band-
width=1625 Hz/pixel, receiver gain: high. In each session
subjects were exposed to 60 perturbations, pseudo-randomly
selected from a pool of six different perturbation velocities
([-200 -150 -100 100 150 200] deg/s) each repeated 10 times,
while EMG was recorded from the FCR and ECU muscles.

After the two functional sessions, a high resolution struc-
tural scan (magnetization-prepared rapid acquisition with
gradient echo (MPRAGE)–1x1x1 mm3 resolution, with
TR=2300 ms, and TE=3.2 ms; 160 slices with a 256x256
px per image, for a 160x256x256 mm3 image volume–was
acquired for registration and normalization of the results to a
common space. The full experimental protocol took about 85
minutes divided as 20 minutes per each experimental session,
7 minutes for the structural scan and 18 for the robot setup
and the electrode placement.

fMRI data was pre-processed in SPM12 using a standard
processing pipeline composed of realignment, normalization,
and high-pass filtering. We then performed a first-level
analysis using the following general linear model:

y = � 1 Ĥ F + � 2 Ĥ E + � 3 jv j + � 0 + � R R (3)

where Ĥ F and Ĥ E are binary variables that indicate whether
a reflex has been triggered during a specific perturbation in

the FCR and ECU, respectively. jv j is, instead, a continuous
variable that indicate the absolute value of the perturbation
velocity. R is the regressor of the head movement determined
by the data pre-processing. The presence of brain areas
whose activity significantly correlates with the generation
of a LLR in the FCR and ECU was assessed by analysis
of the F-maps corresponding the the coefficients � 1 and
� 2, respectively. Significance level was set to p< 0:05
uncorrected.

V. RESULTS

1) MR compatibility: Visual inspection of the averaged
RF signal intensity spectrum acquired in the MVT condition
(Fig. 4 top), showed no peaks of intensity outside the 95%
confidence interval, previously determined with 20 repeated
measurement in the BL condition, confirming that the MR-
SW does not introduce significant RF noise in the scanner.

Distribution of the tNSR values measured in the pre-
baseline (BL1), MVT and post-baseline (BL2) conditions are
represented in Fig. 4 (bottom left). Pairwise comparisons of
the MVT condition with both pre-BL and post-BL conditions
fail to reject the null hypothesis that the tNSR measured in
the MVT condition is equal to that measured in baseline at
a significance level of p <0.05, demonstrating that the MR-
SW does not significantly alter the tNSR characteristic of the
scanner.

Finally, the distributions of the percent number of voxels
that significantly correlate (� = 0:05) with the application of
the velocity controlled perturbations in the three conditions
(BL1, MVT, and BL2) are reported in Fig. 4 (bottom right).
Two-sample t-test between the MVT and BL conditions fail
to reject the null hypothesis that false positive rate is equal
in the MVT than in BL condition, for all tested levels of
significance. Significance level for the t-test was set to p
<0.05.

2) Identification of the LLRs: Analysis of the EMG signal
recorded during LAB experimental sessions shows the capa-

Fig. 4. Results of the MR-compatibility experiments. (Top left) 95%
confidence intervals of the percent of voxels identified to correlate with
the perturbation protocol as a function of the significance level of the first
level analysis; (Top right) bootstrapped confidence intervals for mean tNSR
for each condition at the p <0.05 level; (Bottom) Frequency spectrum of
the RF averaged signal intensity
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Fig. 5. First row: trajectory of the MR-StretchWrist for the different
perturbation velocity. Second and third rows: EMG responses measured in a
single subject for the three perturbation velocities. In all graph the thick line
represents the mean and the shaded area the 95% confidence interval. To
facilitate interpretation on the graphs a gray shaded area has been included
in each graph in the time interval where a LLR is expected.

bility of our protocol to condition and detect long-latency
responses in both FCR and ECU (fig. 5) for all magnitude
of applied velocities.

Finally, comparison between the LLR rate measured in
the MRI and LAB conditions shows good agreement for
each of the tested values of perturbation velocity (fig.6).
The difference between of the LLR rate measured in the
MRI and LAB averaged across velocities is 21% in the ECU
and 15% in the FCR. Due to the different weighting of the
perturbations that stretch and shortens the muscles used in
the adaptive filter, for each muscle there is a smaller LLR
rate for the direction of perturbation that stretches the muscle
compared to the one that shortens it.

Extension Flexion

20

40

60

80

100

 F
C

R

 L
L

R
 r

a
te

 [
%

]

LAB

MRI

100 150 200 100 150 200

Velocity [deg/s]

20

40

60

80

100

 E
C

U

 L
L

R
 r

a
te

 [
%

]

Fig. 6. LLR rate measured for the FCR and ECU during sessions done
outside the scanner (MRI) and during MRI scanning (MRI)

A. Pilot Experiment

Head movement and rotation were estimated form the
imaging parameters and were confirmed to be lower then 1

mm and 1 deg, respectively. Analysis of the activation maps
show significant neural activity in the brainstem when LLRs
are generated in both FCR and ECU (Fig. 7). The results
show a different somatotopical organization for FCR and
ECU with the neural activity corresponding to FCR located
in the right medullay reticular formation and the activity
of the ECU located instead in the left pontine reticular
formation.

Fig. 7. The activation maps that show the neural activity in the brainstem
that correlates with the generation of a LLR in the FCR (shown in orange)
and ECU (shown in red).

VI. DISCUSSIONS AND CONCLUSION

In this work we have presented and validated the
StretchfMRI, a novel non-invasive technique that can be
used to investigate the neural correlates of the Long-Latency
Response. The StretchfMRI technique is composed of three
different key elements: an MRI compatible wrist robot (the
MR-StretchWrist) capable of safely applying velocity con-
trolled wrist perturbations during fMRI scanning, an MRI
sequence that allows for gradient artifact-free recordings of
the LLR EMG activity, and an adaptive filtering approach
for the EMG data processing that allows for reliable identi-
fication of LLRs.

A first set of experiments aimed to test the fMRI com-
patibility of the experimental protocol, showed that the MR-
StretchWrist in operative conditions does not significantly
alter the quality of the MR-images, allowing a safe use
of the device during fMRI procedures. Analysis of the
EMG data recorded in a lab experimental session, where
there are no confounders related to the MRI electromagnetic
fields, validated our experimental protocol, demonstrated the
capability of the MR-SW to elicit LLRs in both flexors and
extensors muscles for different levels of applied perturbation
velocities. Finally, comparison of the reflex rate measured in
lab experiments and during fMRI scanning, that show only
an 18% average difference in elicited LLR rate, suggests the
capability of our algorithm to reliably identify LLR during
fMRI protocol.

A final pilot experiment that integrated all the components
of our novel technique showed significant neural activation
modulated in the brainstem by the generation of LLRs in
both flexors and extensors. The responses of FCR and ECU
showed a different somatotopic arrangement as described by
the double reciprocal model of the reticulospinal tract, with
the neural activity of flexors and extensors located in the
medullary and pontine reticular formation, respectively [10].
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While a single-subject experiment cannot be used to draw
conclusions on the organization of motor function in the
reticular formation, our work provided a first preliminary
confirmation of the organization of motor responses in the
reticular formation previously observed only in animal mod-
els. Such encouraging results suggest the StretchfMRI to be
a promising tool to investigate the contribution of the RF to
motor control and more in general to understand the neural
correlates of the processing and generation of long-latency
responses.

Our protocol currently used an Echo Planar Imaging (EPI)
sequence routinely used for fMRI studies. While the results
of our pilot study suggest that our imaging technique has
sufficient contrast-to-noise ratio and robustness from motion
artifacts to detect meaningful change in deep brainstem
nuclei, we are considering to include a high-resolution multi-
shot sequence that has specifically been developed for brain-
stem imaging expecting a 10-20% increase in contrast-to-
noise ratio [29].
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