
Figure 1. Cardiac (a,c), but not block (b,d) analysis 
reveals signal intensity changes in spinal centers salient 
to sexual responses in both males and females 
represented in radiological orientation. The color-bar on 
the right indicates the significance (t-value) of the 
activated voxels.   

Figure 2. Normalized heart rate (black) 
superimposed on the block stimulation 
paradigm (red) for one female participant.  
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Introduction: Previous functional magnetic resonance imaging (fMRI) studies of sexual responses in humans have used block designed study paradigms 1, 2, that 
comprise epochs of ‘on’ stimulation, interleaved with periods of baseline. However, apart from the orgasm phase, the human sexual response does not exhibit abrupt 
rises and falls, but instead is characterized by gradual mounting of erotic sensation accompanied by increases in blood pressure and heart-rate that function to increase 
blood flow to the genital region 3, reaching a peak at orgasm and then rapidly returning to the resting state 4. Therefore, modeling the human heart-rate response function 
during various stages of sexual response in men and women can improve the accuracy and sensitivity of detecting changes in signal intensities associated with neuronal 
input within the central nervous system 5. Notably, the human sexual response has thus far only been investigated in the brain. Prior to the advent of Spinal fMRI 6, 
functional imaging of the human spinal cord presented many methodological barriers. However, elucidating spinal cord function is vital for the clear understanding of 
the human sexual response because the spinal cord contains important autonomic centers involved in the regulation of sexuality 7. Moreover, the link between sexual 
and cardiac responses is apparent as a rise in the former is rapidly followed by increases in the latter, and both reside under autonomic control 4. This is particularly 
apparent in individuals with spinal cord trauma who commonly experience adverse changes in sexual responses after injury, that are accompanied by autonomic 
dysreflexia8, 9. The purpose of the present study was to compare the fMRI signal intensities in spinal cord regions involved in sexual function analyzed with 1) a block-
design stimulation paradigm or 2) a paradigm derived from cardiac frequency. We predicted that analyzing our data using the heart-rate as an indicator, would reveal 
differences in the magnitude of signal intensity changes in regions of the spinal cord salient to sexual responses, and that these signal changes could be overlooked by 
conventional block designed analyses.  
Methods: Spinal fMRI was used to image the lower thoracic, lumbar and sacral spinal cord in 19 healthy volunteers (10 men and 9 women) with a mean age of 21.8 ± 
3.4 years during intermittent sexual self-stimulation. Using a 3 T Siemens Magnetom Trio MRI system, we acquired proton-density-weighted images with a half-
Fourier single-shot fast spin-echo (HASTE) sequence. Thus, we obtained 9 contiguous 2 mm thick sagittal slices with 1.5 mm2 in-plane resolution and a 280 mm x 140 
mm field of view (head/foot x anterior/posterior) centered at the 12th thoracic (T12) vertebral body. The echo time (TE) was 38 ms and the repetition time (TR) was 1 
second per slice. An optical sensor was attached to the second digit of the non-stimulating hand of every participant to record the peripheral pulse throughout each 
study. A spatial saturation pulse was applied to eliminate signal from regions anterior to the spine, and flow compensation gradients were applied in the head/foot 
direction to reduce image artifacts produced by the flow of cerebrospinal fluid (CSF). Neuronal activity was detected by means of signal enhancement by extravascular 
water protons (SEEP), an established method for imaging the spinal cord 10.  
Data Analysis: Data were analyzed using custom-made software written in MatLab (The MathWorks Inc., Natick, MA) by means of a general linear model (GLM) 
using the RESPITE basis set described previously 11.  The output of the analyses included the magnitudes of the signal changes (β-values) corresponding to each 

function in the basis set, and a test for the significance of the value of β1, which corresponds to 
either 1) the rest/stimulation paradigm or 2) 
a trace of the cardiac frequency obtained 
from each participant throughout the course 
of the experiment. The results of the 
analyses were spatially normalized to enable 
voxel-by-voxel comparisons between 
individuals .Group analyses were performed 
separately for males and females by means 
of fixed-effects analysis, based on the mean 
and standard deviation of the β1 values in 
each voxel, across the group of participants. 
Group responses were determined to be 
significant for t-values greater than 2.5 or 
less than -2.5 (p <0.01). 
Results and Conclusions: Data analysis 
based on the subject-specific cardiac 
frequency (Fig. 1a,c) revealed distinct patterns 
of activity compared to analysis based on the 
block-design stimulation paradigm (Fig. 1b,d).  
In males, this difference was most evident in the right ventral horn of the lower thoracic segments 

(Fig. 1a,b), and in females, the disparity was greatest within the gray commissural nucleus (around the 
central canal) throughout the upper lumbar segments (Fig. 1c,d). Importantly, the patterns that emerged 
are consistent with neuroanatomical regions associated with sexual stimulation. The ventral horn 
activity observed in males is indicative of efferent input from higher brain regions modulating sexual 
responses while the increased signal in the commissural nucleus at the upper lumbar level in females is 
characteristic of sympathetic activity that is known to play a pivotal role in human sexual arousal. 
Figure 2 shows the cardiac response (in black) superimposed on the time-course of the block 
stimulation paradigm (in red) obtained from a typical female volunteer during intermittent genital self-

stimulation (total of 50 time points acquired over the 7.5 minute experiment). It is evident that heart-rate rapidly increases when genital sexual self-stimulation is 
applied (block design) and quickly falls when stimulation is removed (baseline). However, in line with previous work, it is apparent that an increase in heart-rate is not 
an ‘on/off’ function, but involves nuances that may be important in revealing subtle signal changes that are otherwise missed by analyses performed using the block 
paradigm alone. Taken together, our results indicate that the cardiac model is more closely correlated with neuronal activity in the spinal cord associated with sexual 
responses, than conventional block paradigms. Cardiac analyses of fMRI data may be extended to studies of other human functions involving autonomic responses.  
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