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Abstract

The goal of this study was to determine whether functional changes in cortical control of
swallowing are evident in early Alzheimer’s disease (AD), before dysphagia (swallowing
impairment) is evident. Cortical function was compared between an early AD group and a group
of age-matched controls during swallowing. Swallowing oropharyngeal biomechanics examined
from videofluoroscopic recordings were also obtained to more comprehensively characterize
changes in swallowing associated with early AD. Our neuroimaging results show that the AD
group had significantly lower BOLD response in many cortical areas that are traditionally
involved in normal swallowing (i.e. pre and postcentral gyri, Rolandic and frontal opercula). There
were no regions where the AD group recruited more brain activity than the healthy controls during
swallowing and only 13% of all active voxels were unique to the AD group, even at this early
stage. This suggests that the AD group is not recruiting new regions, nor are they compensating
within regions that are active during swallowing. In videofluoroscopic measures, the AD group
had significantly reduced hyo-laryngeal elevation than the controls. Although, swallowing
impairment is usually noted in the late stages of AD, changes in cortical control of swallowing
may begin long before dysphagia becomes apparent.
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Introduction

Dysphagia, or swallowing impairment, is a growing concern in Alzheimer’s Disease (AD).
It frequently leads to aspiration pneumonia, a common cause of death in this population [1],
particularly in the later stage of AD [1-4]. Patients with early to mid-stage AD also show
changes in swallowing physiology that may put them at risk for malnutrition, dehydration,
or aspiration pneumonia. Dysphagia in early-stage AD is characterized by delayed onset of
the pharyngeal swallow and reduced lingual movement [5], while moderate AD adds
difficulty with oral preparation of the bolus, pharyngeal clearance, upper esophageal
sphincter opening and visible aspiration on videofluoroscopy [6].
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Cortical regions that are involved in normal swallowing are affected by AD, including the
insula/inferior frontal gyrus pars operculum [7,8] and the anterior cingulate cortex [9,10].
Other studies have reported activity in the antero-medial temporal lobe during normal
swallowing [11,12], a cortical region that is significantly atrophied in AD [13].

In individuals with early AD and in age-matched healthy adults, the structures in the head
and neck that are important for swallowing move at different temporal durations depending
upon the bolus consistency that is being swallowed (i.e. thin liquid, semi-solid, solid) [5].
This suggests that the ability to modulate swallowing physiology to accommodate variations
in bolus characteristics and, thus, maintain swallowing safety is preserved within the early
stages of the disease. We have shown that the cortical activation for swallowing changes
with varied swallow types (saliva, water, barium) in healthy older adults [14], however, we
do not know if similar changes are made in early AD.

Despite the noteworthy overlap of cortical regions that are both active in normal swallowing
and degenerative due to AD, no study has examined the neural activity for swallowing in
early AD. Investigating the integrity of neurophysiologic parameters of swallowing at this
early-stage can mark the initial functional changes in the cortex for processing swallowing
and lead to earlier and more effective dysphagia treatments that are specific to the needs of
this population. Furthermore, the advanced stages of AD are not feasible for conducting
functional imaging studies of swallowing due to the cognitive demand for task compliance
and reduced swallowing safety in the supine position.

The primary goal of this investigation was to compare neural activation, as measured with
Blood-Oxygen-Level-Dependent (BOLD) signal, during swallowing in early AD and in
healthy age-matched controls using functional Magnetic Resonance Imaging (fMRI). We
hypothesized that the AD group would elicit decreased responses within the swallowing
network, as identified by previous research [14], than the healthy cohort. We hypothesized
lower BOLD response in the swallowing cortical network for the AD group because of
known cerebral atrophy in these regions associated with volitional swallowing control. Since
swallowing kinematics change with varied sensory input (i.e. taste, texture) [15], we
examined BOLD signal among different swallow types (sweetened barium, water and
saliva) within the AD group. Based on findings from our previous work in healthy older
volunteers, we hypothesized that AD participants would elicit more cortical regions in larger
clusters for saliva swallows than for water or barium swallows. We expect that saliva
swallows will be more difficult to elicit without the added sensory stimulation that a liquid
bolus provides, warranting greater neural activation to complete saliva swallows.

The secondary goal of this investigation was to compare swallowing physiology between
early AD and healthy age-matched controls using videofluoroscopy. We hypothesized that
physiological measures of timing and of range of motion would be significantly different
between groups. These differences could be the result of early functional differences in
cortical control of swallowing, as discussed in our primary hypothesis. We expected that the
early AD group would have swallowing physiology that puts them at greater risk for
dysphagia than the healthy controls.

Materials and Methods

Twenty-four participants completed the study (13 AD: mean age 74.3, range 58-88yrs, SD
8.6yrs; 11 controls: mean age 72.3, range 64-83; SD 7.5). Data from the controls were
compared with healthy young adults from a previous study [14]. All participants except one
healthy control were right-handed as determined by the Edinburgh Handedness Inventory
[16]. Mini Mental State Examination scores were obtained for all participants (healthy:

J Alzheimers Dis. Author manuscript; available in PMC 2010 July 23.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Humbert et al.

Page 3

mean 28, SD 2.3; and AD: mean 23, SD 2.1). All participants provided written informed
consent, which was approved by the Institutional Review Board of the University of
Wisconsin.

At entry, all AD participants met the National Institute of Neurological and Communicative
Disorders and Stroke/AD and Related Disorders Association (NINCDS/ADRDA) criteria
for the diagnosis of probable AD. All had dementia of mild severity, and presented with the
characteristic clinical features of AD and were free of any significant medical, neurologic, or
psychiatric illness, apart from AD, as detected by detailed clinical evaluation. In particular,
no subject had depression, and the Hachinski Ischemia Scale scores did not exceed 4 for any
study participant. Extensive laboratory and radiologic tests conducted for each subject failed
to detect any other medical disorder that might account for the cognitive symptoms.

fMRI Procedures

Prior to the experimental procedures, a brief training session familiarized each participant
with supine swallowing. The experimental tasks involved 30 swallows (10 barium, 10 water,
10 saliva) in a pseudo-random order. 5ml of water and barium (EZEM Varibar®, thin-
liquid) were infused directly into the oral cavity via plastic tubing that was dispensed by a
MR-safe injector (Spectris Solaris®, Medrad). Participants were instructed to swallow once
they felt that the liquid had completely entered their mouths. Saliva swallows were cued
visually by the message “swallow saliva once”. Participants viewed cues through a mirror
that was mounted atop the head coil using Presentation software (www.neuro-bs.com).
Inter-stimulus intervals for barium and water boluses were each 14.5 seconds and saliva
swallows and relax intervals (visual cue: “do not swallow”) were each 13 seconds.

Swallow Monitoring

Swallowing events were monitored with a water-filled tube that extended from each
participant’s mouth to a pressure transducer in the control room (ADInstruments, Colorado
Springs CO). Pressure changes in the oral cavity that occurred during swallowing displaced
the water in the tube, providing real-time oral pressure signals synchronized with the
scanner transistor-transistor-logic (TTL) pulses.

Functional Imaging

This study used an event-related design. Magnetic resonance images were collected on a 3.0
T GE Signa scanner (Waukesha, WI) using an 8-channel head coil. Functional image data
were obtained with a T2* gradient-echo, echo planar imaging (EPI) pulse sequence
optimized for blood-oxygen level dependent (BOLD) contrast with the following
parameters: echo time (TE) = 30ms; repetition time (TR) = 2000ms; flip angle = 75°;
acquisition matrix =64x64; and FOV=240mm. Whole brain coverage was provided with
thirty 4.5mm thick inter-leaved axial slices. In each of the two runs, 148 volumes were
collected and the first three discarded to allow for magnetization stabilization. Higher order
shimming was applied to the static magnetic field (BO) prior to EPI acquisition.

Additionally, a whole-brain high-resolution T1-weighted Inversion-Recovery 3D spoiled
gradient echo (3D-IRSPGR) was collected with the following parameters: TR = 9.592ms;
TE = 3.00ms; inversion time (TI) = 600ms; flip angle = 10°; acquisition matrix = 256x256;
FOV = 230mm; slice thickness = 1.5mm. Inspection by a neuroradiologist confirmed the
absence of any structural abnormalities.

fMRI Image Processing

All functional images were processed with Statistical Parametric Mapping (SPM5,
Wellcome Department of Imaging Neuroscience, University College London, UK) and
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Analysis of Functional Neurolmages (AFNI, Medical College of Wisconsin, USA) software
packages. Images were slice-timing corrected, motion-corrected, normalized to the MNI EPI
template using a nonlinear transform, re-sampled to 2mm isotropic voxels, and smoothed
with an 8mm FWHM Gaussian kernel. All individuals had less than 3mm of movement in
the x, y, and z directions and less than 3 degrees of deflection in pitch, roll, and yaw.

fMRI Statistics

First-level analyses of the time series data were performed for individual participants using a
general linear model. Swallow onset times for each condition (barium, water, saliva,
spontaneous), obtained pressure transducer (above), were convolved with the canonical
hemodynamic response function (HRF) to construct the statistical model. The general linear-
model removed the low frequencies with a 128 s high-pass filter. Additionally, vectors were
added to the design matrix for the motion parameters and their backward derivatives.
Spontaneous, or inadvertent swallows, were not considered further.

Second-level analyses included a repeated measures 2x3 ANOVA that included terms for
subject, group, swallow type and group and swallow type interactions to identify regions
where there was an interaction between group and swallow type. Significant interactions are
reported and then excluded from subsequent analyses of main effects of swallow type and
group. Post-hoc T-contrasts were used to identify significant group differences and pair-wise
swallow type differences. A 1x3 ANOVA tested for differences among the three swallow
types within the AD group. Our analyses were further restricted to the cortical regions that
are reported in the literature to be involved in swallowing [14,17] and areas involved in the
cognitive demands of swallowing -- the hippocampus, parahippocampus, amygdala, and
orbital frontal gyri (swallowing/AD mask). All analyses were at the 0=0.005 uncorrected in
at least 20 edge-connected voxels.

We excluded areas of significant difference in grey matter volume as determined with a two-
sample t-test (p<.001) controlling for total brain volume using posterior probability derived
from VBMS5 toolbox (http://dbm.neuro.uni-jena.de/vbm/) in SPM5. This exclusion is
necessary to ensure that significant differences are based on comparisons of functional
activity rather than artifact where the AD group has atrophied cortical regions.

To further characterize the BOLD response during swallowing, we separated active voxels
that were shared between groups or exclusive to either group. One sample t-tests were
computed for the bias corrected average swallow BOLD responses for each group. The
statistical maps were thresholded at alpha<0.005 in at least 20 edge-connected voxels using
the “swallowing/AD mask™ and converted to binary images. The binary images were
combined to identify voxels that were active in only the older adult group or the AD group
and voxels that were active in both groups.

Videofluoroscopic Procedures and Image Analysis

Swallowing biomechanics were obtained to determine if physiological differences exist
between the two groups in this study. Furthermore, since lingual and pharyngeal kinematics
differ in supine compared to upright swallowing [18], biomechanics from supine swallowing
were needed to ensure similarity with the fMRI environment where subjects also lay
supinely. Videofluoroscopy is a radiographic technique that provides information on
swallowing including biomechanics of the upper aerodigestive tract and bolus flow. Full
resolution fluoroscopic images were captured in real time (30 frames per second) and
digitally recorded for analysis (Siemens Sireskop). The image intensifier was focused on the
oral cavity, the posterior pharyngeal wall, and just below the upper esophageal sphincter in
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the lateral plane. Two speech-language pathologists and a radiologist conducted all
videofluoroscopic swallowing studies prior to fMRI procedures.

All participants swallowed three-5ml thin liquid barium boluses (Varibar® Thin, EZ EM,
Inc), two-5ml-water boluses and one saliva swallow in random order. The barium and water
boluses were manually dispensed onto the mid tongue with a syringe and the same plastic
tubing (Medrad® model SSIT_96VLD) as in fMRI procedures.

Videofluoroscopic Image Analysis

For all analyses, the investigators were blinded to group designation.

Durational Measures—Group differences in durational measures of supine swallowing
biomechanics (i.e. hyolaryngeal excursion, UES opening) and bolus flow were obtained by
using standard criteria and definitions (Table 1) [19,20].

Measures of Bolus Flow Direction and Clearance—~For barium swallows, post-
swallow barium contrast residue was judged from the videofluoroscopic image when the
hyoid bone returned to rest, operationally defining the end of the swallow. Measurements
were taken in the oral cavity, vallecula, posterior pharyngeal wall, pyriform sinus, and upper
esophageal sphincter. Ratings were scaled on a 3-point system, in which 0 corresponded to
no barium residue, 1 to a coating of barium residue (a line of barium on a structure), and 2 to
pooling of barium (an area larger than a line of barium on a structure). An interjudge
reliability of 84% and an intrajudge reliability of 90% agreement previously have been
reported by using similar datasets [21]. The 8-point Penetration-Aspiration Scale [22,23]
was used to score each swallow observed during the videofluoroscopic swallowing
evaluation. Scores on this scale reflect the occurrence, anatomic depth, subject response to,
and clearance of material invading the laryngeal vestibule or trachea. All swallowing
judgments were blinded to participant group.

Measures of Range of Motion—All videofluoroscopic recordings were digitized using
Peak Motus (ViconPeak, Centennial, CO 80112) version 9 for kinematic analysis. The lower
anterior corners of the second and fourth cervical vertebrae were marked and a line drawn
through these two points served as the y-axis. The x-axis was drawn at a 90-degree angle to
y through the point on the fourth cervical vertebra. The following points were located on
each frame: the superior/posterior aspect of the subglottal air column (y-axis only - to
measure the position of the larynx) and the anterior/inferior most point of the hyoid bone (x-
and y- axes). We determined maximum elevation and anterior movement of the hyoid bone
and of the larynx for all swallows. Range of motion was derived by subtracting the mean
coordinate of the larynx or hyoid bone before swallowing onset (baseline) from the peak
coordinate for the respective measure (anterior or superior movement).

Videofluoroscopic Imaging Statistics—The differences between groups for supine
swallowing biomechanics (duration and range of motion), residue and swallowing severity
were determined using the two-sample t-test (Excel for Mac). Intra-class correlation
coefficients (ICC) were computed for all biomechanical measures. The ICC represents the
proportion of total variation (between-subject variability and measurement variability) that
may be attributed to between-subject variability. VValues near 1 suggest nearly all variability
is essentially biological variance and not related to measurement, whereas values near 0
indicate that variability is primarily a result of measurement problems [24].
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All participants swallowed during the videofluoroscopic and fMRI procedures with no signs
of aspiration. Overall, task compliance was 98% for the healthy controls and 96% for AD
swallowing during fMRI procedures as determined by the intra-oral pressure device. Among
the regions where there was a positive BOLD response during swallowing, 60% was active
only in the healthy group, 13% in only AD, and 27% was shared between the two groups. Of
the shared regions, the healthy group always had greater BOLD response compared to the
AD group.

fMRI Results

Group by swallow interaction (Figure 1A)—The left precentral and postcentral gyri
(MNI —46 0 46 and —50 —6 50; 95 voxel cluster) and in the left orbital frontal gyrus (MNI
—28 30 —14; 52 voxel cluster) were significant for an interaction between group and
swallow type. These significant results show that the relationship among the 3 swallow
types in the healthy group is different from the relationship among the same swallow types
in the AD group. More detail can be found in Figure 1, where the precentral and postcentral
gyri show a similar pattern of activity, but with greater BOLD response in the healthy group
overall. In the orbital frontal gyrus, the 2 participant groups show an inverse relationship for
BOLD response relative to swallow types.

Voxel based morphometry—The VBM results show that the AD group had significant
difference in grey matter volume in both cerebral hemispheres. The left paracentral lobule,
superior temporal pole, and mid frontal gyrus and the right precentral gyrus and cerebellum
Crus 2 had significantly less grey matter. The parahippocampus was smaller bilaterally in
the AD group.

Group Differences for All Swallows (Figure 1B)

Post-hoc T-tests showed that only the healthy group had greater BOLD response than the
AD group (Table 2). These brain regions were primarily right-sided, including the inferior
frontal gyrus pars opercularis, pre and post central gyri, Rolandic operculum, and mid
temporal gyrus. On the left, the precentral gyrus had greater BOLD response.

Group Differences by Swallow Type (Figure 2)

Significant BOLD activity differences were found only for the healthy > AD contrast and
only for water and saliva swallows, none were found for barium swallows (Table 3).
Healthy controls had significantly greater BOLD responses for water swallows in the
bilateral pre and post central gyri. Also, there was greater BOLD response in the right
inferior and middle temporal gyri, right superior parietal gyrus, right Rolandic Operculum,
and left supramarginal gyrus. For saliva swallows, the healthy controls had greater BOLD
signal in the bilateral precentral gyrus, left anterior insula, and on the right in the inferior
frontal gyrus pars opercularis, superior temporal pole, and middle temporal gyrus.

Swallow Type Comparisons in AD group (Figure 3)

Swallow type differences within the AD group were primarily found in the left hemisphere
(Table 4). Only 3 contrasts were significant: saliva > barium, saliva > water, and water >
saliva. The saliva > barium contrast revealed significant BOLD signal differences bilaterally
in the supplementary motor area and in various regions in the left hemisphere including the
precentral gyrus, inferior and middle temporal gyri, and inferior frontal gyrus pars
opercularis. The saliva > water comparison showed activity in the same regions as the saliva
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> barium contrast, with the addition of the right mid cingulate gyrus. The water > saliva
contrast revealed activation only in the right postcentral gyrus.

Supine Swallowing Videofluoroscopic Results

Laryngeal vestibule closure (LVC) is visible during swallowing when the epiglottis becomes
inverted (due to bolus, lingual and laryngeal forces on it) and contacts the arytenoid
cartilages and aryepiglottic folds of the larynx, closing the entrance of the larynx [25]. The
control participants had significantly shorter durations of laryngeal vestibule closure than the
AD cohort (control .56 msec, AD .67 msec; p<10.011; ICC > .80). No other swallowing
biomechanical comparison survived the corrected alpha threshold level of p=0.016. No
statistically significant difference was found between groups for residue or for the
penetration-aspiration scale.

Range of motion results

Range of motion data showed that the AD group had significantly less hyoid (p < 0.011;
ICC 99.8) and laryngeal elevation (p < 0.0001; ICC 99.5) than the healthy adults. The mean
extent of laryngeal elevation for the AD group was 12.7mm (+7.3) and 18.8mm (+7.7) for
the healthy group, while mean hyoid ranges were 9.79mm (£7.5) for AD and 13mm (%5.7)
for healthy controls. The AD group had greater anterior movement of the hyoid bone and
larynx, but neither of these measures survived the corrected alpha threshold level of
p=0.0125.

Discussion

Group Differences

This study examined cortical responses to three swallowing tasks to elucidate the early
differences in swallowing control in mild AD. This is among the first studies to examine
BOLD response for swallowing neurophysiology in individuals with neurological damage.
As hypothesized, the AD group had significantly less BOLD response in the swallowing
cortical network compared to healthy, age-matched controls. There were no regions where
the AD group had greater BOLD response than the healthy cohort for swallowing. This
difference in activation likely exists because of disease-related neural atrophy in the patient
group.

In a previous investigation, we reported that the BOLD response for swallowing appears to
become more lateralized to the right with healthy aging [14], possibly to compensate for
increased effort to swallow. In this current study, the healthy group had greater activation in
regions that were primarily right-sided (except left precentral gyrus) than the AD group.
Thus, it is possible that the early AD group does not have this, apparent, natural shift in
activation to the right hemisphere for swallowing as the healthy cohort does. Although the
groups are age-matched, the AD group may not be able to involve more global activity for
swallowing due to disease-related anatomical or functional neuropathology.

Overall, group differences include regions that are commonly active during normal
swallowing across the age span including the pre and post central gyri, and the right
Rolandic and frontal operucula [14,17,26]. These areas, although not typically atrophied in
early AD, receive input from the insula [27], which is involved during preparation to
swallow [28]. Many studies have shown that the insula is atrophied in early AD [29-31] and
has neuropathological changes at various stages of the disease [32]. The medial temporal
gyrus also had greater BOLD response in the healthy group. Neuroimaging studies show
activity in the temporal lobe during swallowing [11,12,33], likely due to anatomical
connections between the temporal lobe and the insula [34] and to motor regions (area 6)
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[35], as seen in the rhesus monkey. In summary, swallowing-related brain regions that are
not directly affected early on in the disease may have less BOLD response in the AD group
because of their connections to other affected brain regions.

Swallow types (Group Differences)

The healthy group had greater activation than the AD group for only water and saliva
swallows, but not for barium swallows. This same pattern in swallow type differences was
found in a healthy old versus young adult comparison that used the same swallowing tasks
[14]. 1t is unknown why BOLD response to barium swallows is not different between groups
in the current or previous studies, despite measurable videofluoroscopic differences in
swallowing physiology with barium. It is possible that the novelty of our sweetened, thin
liquid barium activated a default neural circuit in all participants for whom this material is
unfamiliar. Further research is needed to draw more firm conclusions about this result.

For water swallows, the primary active regions include many of the same frontal areas
previously discussed, with the addition of parietal and temporal areas. Participants were
instructed to hold liquid (water and barium) in the back of the mouth until it was completely
infused prior to swallowing. This was likely a novel, salient sensory task for all participants.
Also, some judgment or internal planning was necessary to determine when it was time to
swallow, especially since no external command was provided to begin swallowing. Others
have shown that a salient stimulus (a sensory feature, often novel, of the environment that is
attended to) activates many of the same regions as in our group comparison for water (i.e.
temporo-parietal junction, supramarginal gyrus) [36,37]. The AD group may have paid less
attention to the oral liquid stimulus for cues to start swallowing than the healthy group.

Saliva swallows had greater BOLD response in larger clusters in the bilateral precentral
gyrus and the left anterior insula in the healthy adults. Saliva swallows provide less sensory
stimuli than liquid swallows, often requiring an adequate amount of saliva and, occasionally,
tongue-pumping to initiate. Therefore, it is no surprise that there was greater BOLD signal
within the bilateral primary motor cortex and the left anterior insula for saliva swallows. It is
also possible that initiation and execution of the saliva swallow was more difficult in the AD
group due to atrophy in the precentral and insular regions. This is supported by evidence that
apraxia of speech and dysarthia in Alzheimer’s disease corresponds with significant atrophy
in the left anterior insula and left ventrolateral precentral gyrus [38].

Swallow types within AD group

Within the AD group, three swallow type contrasts were significant: saliva > barium, saliva
> water, and water > saliva. Comparison results in this analysis were predominantly in the
left hemisphere. Overall, in the AD group, saliva swallows had greater activation in regions
of interest for swallowing than swallows with a bolus (i.e. SMA, IFG operculum, precentral
gyrus, inferior temporal gyrus). Saliva swallows may have elicited greater activation in
swallowing areas because they can be more difficult to elicit on command without a bolus
present in the oral cavity. On the other hand, water swallows had greater BOLD response
only in the right postcentral gyrus, which is important for sensation during swallowing.

Swallowing biomechanics

Biomechanical differences between the two groups centered on hyoid bone and laryngeal
function, involving both range and duration of movement. The hyoid bone and larynx
(hyolaryngeal complex) is an integral part of functional swallowing, especially during the
pharyngeal phase. Normally, they move antero-superiorly as a unit and the larynx closes
intrinsically at multiple levels to avoid airway invasion as the bolus passes through the
pharynx. Several muscles in the floor of the mouth contract to elevate the hyoid bone
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(mylohyoid, geniohyoid, anterior belly of the digastrics) and, when combined with
thyrohyoid muscle activity, laryngeal elevation is also achieved. Hyolaryngeal elevation and
anterior movement also aid in closure of the laryngeal vestibule [25].

Reduced hyolaryngeal elevation can place individuals at risk for aspiration [39]. The AD
group had reduced hyolaryngeal movement compared to the healthy group, making
swallowing potentially less safe compared to the healthy controls, although no aspiration
was observed and swallowing was functional. Motor representation of the larynx in the
precentral gyrus [40] for voiced and non-voiced tasks overlap with our findings where our
healthy cohort had greater BOLD response (group differences data; MNI coordinates
50,—2,37 and —38,—14,32; Table 1). Thus, these hyolaryngeal biomechanical differences
might be explained by functional variances in cortical control of the precentral gyrus where
laryngeal control has been found.

Some constraints limit our results, including the small number of participants and the
inability to image both swallowing biomechanics and the brain simultaneously. Swallowing
tasks were completed in the supine position and cannot be directly generalized to
swallowing biomechanics in an upright position and only 5ml amounts were studied. Saliva
swallows were cued differently (visual) than water and barium swallows (tactile) to ensure
that an adequate number of saliva swallows could be analyzed and so that they occurred at
predictable intervals (which might account for some differences in activation). Finally, there
is a possibility that saliva and water swallows that followed barium swallows may have
included trace amounts of barium, possibly affecting BOLD response for those swallow

types.

Conclusions

Our results provide evidence that the neurophysiology of swallowing in early AD involved
lower BOLD responses in both traditional swallowing cortical areas and in regions
commonly affected by AD. Although memory dysfunction is among the first noticeable
symptoms of AD, these findings suggest that the brain areas underlying swallowing function
also show compromise early on, before clinical dysphagia diagnosis. Furthermore, this, and
other investigations with functional neural imaging, shows that swallowing could regularly
include cognitive cortical areas (temporal lobe, hippocampus). This is significant because
swallowing diagnosis and intervention often involve compensatory maneuvers or require the
ability to follow directions and swallow on command. Very little attention has been paid to
the importance of cognition on swallowing ability, although aspiration, and often the
consequential pneumonia, is prevalent in neurodegenerative populations with cognitive
impairment and dysphagia [41-43].

An important clinical implication of this study that can be readily applied to practice is that,
in Alzheimer’s disease, changes to swallowing physiology might start long before they are
diagnosed clinically. Traditionally, dysphagia, aspiration, and aspiration pneumonia have
been viewed as very late stage consequences of the disease. However, our videofluoroscopic
findings and those of Priefer and Robbins (1997) show that swallowing and self-feeding
changes occur early on in the disease. Therefore, clinical diagnosis and intervention should
also be initiated early, before cognitive deficits become too great and reduce the likelihood
that patients can alert caregivers or health care providers to their signs or symptoms of
dysphagia. For safety, this population might benefit from swallowing rehabilitation that does
not challenge their cognitive ability such as bolus modification (i.e. thickened liquids) or
even alterations in utensils (i.e. smaller spoon to facilitate smaller bites). Caretakers also
should be educated about swallowing impairment in AD alongside memory and cognitive
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losses once AD is diagnosed. These findings warrant further investigation into differences of
both physiology and neurophysiology of swallowing in neurologically-based dysphagias to
better understand swallowing impairment in these populations.
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B
Group Differences (all swallows)
Healthy > AD

A
Interaction

M1
IFG Oper

left precentral gyrus Rolandic Oper

left postcentral gyrus

left inferior OFG

Figure 1. Interaction and Group Comparisons (All Swallows)

A. Significant interaction was found only in the left frontal lobe. In graphs: 1=healthy-
saliva; 2=healthy-water; 3=healthy-barium; 4=AD-saliva; 5=AD-water; 6=AD-barium B.
Group comparisons show significant BOLD response. Healthy > AD activation bilaterally in
the ventro-lateral frontal and parietal lobes and right temporal lobes. Abbreviations: SM1 —
precentral and poscentral gyri; Inf OFG — inferior frontal orbital lobe; IFG Oper - inferior
frontal gyrus pars opecularis; S1 — Postcentral gyrus; MTG — middle temporal gyrus. Left of
image is left side of brain. For all figures, ROI restricted cortical regions that are reported in
the literature to be involved in swallowing: precentral gyrus, postcentral gyrus, insular
cortex, anterior cingulate cortex, supplementary motor area, supramarginal gyrus, superior
frontral gyrus, middle frontal gyrus, inferior frontal gyrus, superior parietal gyrus, middle
parietal gyrus, inferior parietal gyrus, frontal inferior opercularis, frontal inferior
triangularis, and the Rolandic operculum.
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Group Comparisons by Swallow T

A
Saliva

Healthy > AD

Figure 2. Group Comparisons by Swallow Type (Saliva and Water)

A. Saliva swallow healthy > AD contrast shows activation in the frontal, temporal, insular
and parietal lobes. B. Water contrasts are significant for BOLD response in frontal,
temporal, and parietal lobes. Abbreviations: STP - superior temporal pole; SPG — superior
parietal gyrus; ITG — inferor temporal gyrus; SMG — supramarginal gyrus.
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C
Water > Saliva

Figure 3. Swallow Type Comparisons within the AD Group

A. Saliva > Water contrasts show activation in the frontal and temporal lobes. B. Saliva >
Barium differences are found in more regions within the frontal and temporal lobes. C.
Water > Saliva is only significant in the parietal lobe. Abbreviations: SMA — supplemental
motor area; MCC — middle cingulate cortex.
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Standard definitions of durational measures of biomechanics and bolus flow from videofluoroscopic images of
swallowing (previously published)

Duration

Definition

Stage transition duration (STD)

time from arrival of bolus head into
pharynx until beginning of hyoid excursion

Pharyngeal response duration
(PRD)

time from beginning of hyoid excursion
until hyoid returns to rest

Pharyngeal clearance duration
(PCD)

time from arrival of bolus head at ramus of
mandible until bolus tail through UES

Duration of hyoid maximum elevation
(DOHME)

time from first maximum hyoid elevation
until last maximum hyoid elevation

Duration of hyoid maximum anterior
excursion (DOHMA)

time from first maximum hyoid anterior
excursion until the last maximum hyoid
anterior excursion

Duration of laryngeal vestibule closure
(LVC)

time from first contact between arytenoids
and base of epiglottis until last contact

Duration of UES opening
(DOCPO)

time of UES opening until UES closed
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