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Impact of bilateral and unilateral
cerebral lesions on swallowing
recovery at 6 months in poststroke
dysphagia
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Bilateral stroke is an important risk factor for long-term prognosis of post-stroke dysphagia (PSD). To
investigate neuroanatomical characteristics of bilateral hemispheric lesions associated with 6-month
swallowing outcomes in PSD, 134 acute ischemic stroke patients referred for videofluoroscopic
swallowing study were included. The chronicity, location, volume of brain lesions, and swallowing
function were quantitatively analyzed, with 6-month swallowing outcomes dichotomized into good
and poor recovery based on the need for tube feeding or diet modification. Permutation testing
revealed significantly higher rates of acute and chronic lesions in the globus pallidus, putamen, and
internal capsule (GP/PUTY/IC) in patients with poor recovery (n=16) than in those with good recovery
(n=118). Bilateral chronic lesions in the GP/PUT/IC were significantly associated with 6-month
swallowing outcomes in the univariate (odds ratio [OR], 19.44; P <0.001) and multivariable (OR,
13.79; P=0.001) analyses. The volume of chronic lesions in the GP/PUT/IC was significantly larger in
patients with poor swallowing recovery than in those with good recovery (P=0.001). Bilateral chronic
lesions in the GP/PUT/IC were also significantly associated with the pharyngeal phase score of the
videofluoroscopic dysphagia scale (P=0.009). This study highlights the prognostic value of chronic
bilateral brain lesions involving GP/PUT/IC in patients with PSD.
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Post-stroke dysphagia (PSD) is a common and serious complication. It can persist in 13-18% of patients for
up to 6 months after stroke"2. PSD can compromise nutritional intake and increase the risk of aspiration
pneumonia, resulting in functional decline, extended hospital stays, and increased mortality in stroke survivors?>.
Despite the high prevalence and subsequent severe consequences of PSD, the neuroanatomical characteristics
of brain lesions associated with long-term swallowing prognosis remain not fully elucidated. The identification
of patients at high risk for PSD based on the neuroanatomical characteristics of brain lesions is important in
preventing adverse outcomes and establishing timely and tailored treatment strategies.

Bilateral stroke is an important risk factor associated with long-term prognosis of PSD*°. This is supported
by the physiological underpinnings of swallowing, which is regulated by the bilateral hemispheres of the brain
in an asymmetrical manner, involving sensory and motor cortical areas that interact through ascending and
descending white matter pathways with diverse subcortical and brainstem regions®. During the recovery process
of PSD, it is hypothesized that bilateral representations of the swallowing network and alternative pathways of
innervations contribute to facilitating swallowing recovery, including cortical reorganization in the unaffected
hemisphere”®. Notably, quantitative analyses on the detailed neuroanatomical characteristics of the bilateral
hemispheric lesions related to long-term prognosis of PSD are lacking, particularly regarding the chronicity,
location, and volume of the brain lesions. Given that both acute and chronic lesions in the bilateral hemispheres
can affect the functional outcomes of PSD, the individual premorbid status of swallowing-related brain
topography prior to acute stroke should be included in quantitative analyses’.
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This study aimed to investigate the neuroanatomical characteristics of bilateral hemispheric lesions associated
with 6-month swallowing outcomes in patients with PSD. First, permutation testing was used to explore lesion
locations associated with poor swallowing recovery in patients with PSD. Second, the risks of poor swallowing
recovery in PSD patients with bilateral lesions at the identified locations were compared with those in patients
with unilateral lesions.

Methods

Study population

All consecutive patients admitted to a single tertiary hospital between January 1, 2014, to July 31, 2022 were
considered for inclusion if they met the following criteria: (1) diagnosis of acute ischemic stroke confirmed
by magnetic resonance imaging (MRI), and (2) referral for videofluoroscopic swallowing study (VFSS) due to
clinically suspected swallowing difficulty. The patients with any of the following conditions were excluded: (1)
age <19 years, (2) presence of neurological disorders that can affect swallowing function (e.g., Parkinsonism,
amyotrophic lateral sclerosis), (3) presence of tracheostomy, (4) severe impairment of consciousness, or (5)
low quality, incomplete coverage, or absence of brain MRI images. In the dysphagia management process,
referral for VFSS in patients with stroke was based on clinical symptoms or signs suggestive of PSD, following
routine standardized screening tests or clinical examination performed by physicians, and swallowing therapy
was subsequently initiated according to the VFSS findings and the corresponding clinical recommendations.
This study was approved by the Institutional Review Board of Seoul National University Hospital (No. 2211-
105-1380), and the requirement for informed consent was waived for this retrospective review. This study was
performed in accordance with all relevant guidelines and regulations.

Patient characteristics

Demographic, clinical, and neuroanatomical characteristics were obtained, including age, sex, National Institutes
of Health Stroke Scale (NIHSS) at admission, laterality of acute lesions, laterality of chronic lesions, lesion
location, duration from stroke onset to brain MRI, duration from stroke onset to initial VFSS, clinical dysphagia
scale!? at initial VFSS, videofluoroscopic dysphagia scale (VDS)!"2 at initial VFSS, recommended diet at initial
VESS, and swallowing therapy. Swallowing outcomes at 6 months after stroke onset were dichotomized into good
and poor swallowing recovery. If the patient did not require tube feeding or diet modification, the swallowing
outcome was considered good; otherwise, it was considered poor.

Image acquisition and lesion analysis

MRI images were obtained in all patients according to a standardized protocol, including T1-weighted, T2-
weighted fluid-attenuated inversion recovery (FLAIR), and diffusion-weighted imaging (DWI) sequences on
the following MRI scanner systems: GE Signa HDxt 1.5 T, GE Signa EXCITE 1.5 T, GE Discovery MR750W
3T (GE Healthcare, Chicago. IL, USA), Philips Ingenia 1.5 T, Philips Ingenia Cx 3T, Achieva 3T (Philips,
Amsterdam, The Netherlands), Siemens Avanto 1.5 T, Siemens Espree 1.5 T, Siemens Sonata 1.5 T, Siemens
Magnetom Essenza 1.5 T, Siemens Skyra 3 T, Siemens Skyra fit 3 T, Siemens TrioTim 3 T, and Siemens Verio 3T
(Siemens, Munich, Germany). Details of brain MRI sequences are heterogeneous among patients because of the
retrospective nature of this study over 8 years (2014-2022), different MRI scanners, and technological updates
in MRI sequences. T1-weighted images were acquired with slice thickness/gap of 1-5/1-7 mm, repetition time
of 8-2,822 ms, and echo time of 3-26 ms. T2-weighted FLAIR images were acquired with slice thickness/gap of
4-5/4.8-7 mm, repetition time of 7,000-11,002 ms, and echo time of 87-129 ms. DWI images were acquired at
b values of 0 s/mm? and 1000 s/mm?, slice thickness/gap of 3-5/3-7 mm, repetition time of 2791-13,254 ms,
and echo time of 54-182 ms. Although brain imaging was typically performed promptly after stroke onset for
the diagnosis of acute ischemic stroke, if initial brain MRI images were of suboptimal quality or if the lesion was
more clearly delineated on the follow-up scan, follow-up brain MRI images were used for the lesion analysis in
this study.

The acute and chronic lesions in all patients with stroke were independently reviewed and manually outlined
on DWI images at a b value of 1000 s/mm? and FLAIR images, respectively, using MRIcron' and ITK-SNAP!
by two clinicians blinded to the clinical information. A consensus was reached after discussion in cases of
disagreement. Acute lesions were defined as areas of high signal intensity on DWI images, and chronic lesions
were defined as areas of low signal intensity on FLAIR images. To distinguish chronic lesions from acute or
subacute changes, only areas showing low signal intensity similar to that of cerebrospinal fluid on FLAIR images
were considered chronic, and therefore, white matter hyperintensities in the periventricular areas were not
included in the analysis. The lesion maps were smoothed using a 3-mm full-width half-maximum Gaussian
kernel to remove uneven edges'®. T1-weighted images were skull-stripped and manually edited using FreeView,
a visualization tool implemented in the FreeSurfer software (https://surfer.nmr.mgh.harvard.edu/fswiki). The
DWTI and FLAIR images of each patient were skull-stripped and linearly registered to the corresponding T1-
weighted images using Advanced Normalization Tools (ANTs)!¢ utilizing an inversion map of lesions as a
mask image. The skull-stripped T1-weighted images were normalized to the Montreal Neurological Institute
(MNI) template using ANTs with rigid, affine, and deformable SyN registration stages. When lesions were
visually inspected on T1-weighted images, an inversion map of the lesions was used as a mask image during
normalization. Transformation maps generated during the registration and normalization processes were
used to normalize the lesion maps in the DWI and FLAIR images to the MNI template with nearest-neighbor
interpolation. The lesion volumes of the normalized lesion maps in the DWI and FLAIR images were quantified
using the FMRIB software library (https://fsl.fmrib.ox.ac.uk).
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Quantitative analysis for swallowing function

To examine the association between lesion laterality at the acute or chronic stage and PSD, swallowing function
at the initial VFSS was quantitatively assessed using the VDS. It is a validated tool that quantifies dysphagia
severity based on VFSS findings in both the oral and pharyngeal phases, and has been validated in patients with
various etiologies, including stroke!""'2. Previous studies have reported significant associations between VDS
scores and stroke-related lesion characteristics!”!. In the present study, VDS was evaluated by a physiatrist with
six years of VFSS interpretation experience who was blinded to lesion location.

Statistical analysis

Demographic, clinical, and neuroanatomical characteristics were compared between patients with good and
poor swallowing recovery using the independent-samples t-test or Mann-Whitney U-test and the chi-squared
test or Fisher’s exact test. Permutation testing was employed to identify lesion locations with significant
differences in 115 regions of interest from the Harvard Oxford Cortical and Subcortical atlases and the JHU
ICBM-DTI-81 White-Matter Labels atlas between stroke patients with good and poor swallowing recovery'.
In the permutation testing, a region of interest was regarded as a lesion location if it encompassed at least one
voxel affected by the lesion. Statistical significance was tested using randomly assigned dichotomized datasets
for good and poor swallowing recovery through 5000 permutations, generating a null distribution to compare
with the actual difference. Univariate logistic regression analyses were conducted to evaluate associations of
lesion laterality in the bilateral hemispheres and that in the globus pallidus, putamen, and/or internal capsule
(GP/PUT/IC) with 6-month swallowing outcomes. Multivariable logistic regression analyses were performed
to adjust for potential confounding effects of age and sex. One-way analysis of variance or the Kruskal-Wallis
test was conducted to compare VDS scores according to the laterality of acute, chronic, and all lesions in the
bilateral hemispheres and the GB/PUT/IC. Post-hoc analyses were performed using the Tukey test or the Mann-
Whitney U-test, with the Bonferroni correction applied to adjust for multiple comparisons. Chi-squared test or
Fisher’s exact test was conducted to evaluate the associations between individual VDS parameters in the oral
and pharyngeal phases and the laterality of acute, chronic, and all lesions in the bilateral hemispheres and GB/
PUT/IC. The overall and post-hoc significance level were set at P<0.05 and P<0.017, respectively. Statistical
analyses were conducted using SPSS software (version 25; IBM Corp., Armonk, NY, USA) and MATLAB 2023a
(MathWorks Inc., Natick, MA, USA).

Results

Clinical characteristics

In this study, a total of 3,968 patients were newly diagnosed with acute ischemic stroke from January 1, 2014, to
July 31, 2022 at a single tertiary hospital. Of the 292 patients referred for VFSS due to suspected dysphagia, 134
were included in the final analysis after applying both inclusion and exclusion criteria. Sixteen (11.9%) patients
showed poor swallowing recovery. Among the 134 patients included in the analysis, 61 of the 128 patients
with good swallowing recovery and 12 of the 16 patients with poor swallowing recovery had chronic lesions.
Table 1 shows clinical characteristics showing significant differences between the patients with good and poor
swallowing recovery, including sex (good, 58 [49.2%] vs. poor, 14 [87.5%], P=0.006), clinical dysphagia scale
at initial VFSS (good, 15.7 +13.5 vs. poor, 27.3+18.6, P=0.008), recommended diet at initial VFSS (P<0.001),
stroke lesions in the GP (good, 44 [37.3%] vs. poor, 11 [68.8%]; P=0.02) and IC (good, 74 [62.7%] vs. poor, 14
[87.5%]; P=0.05), the total (good, 29.9£17.2 vs. poor, 57.8 £13.1, P<0.001), oral phase (good, 8.0+ 7.2 vs. poor,
14.1+7.5, P=0.005), and pharyngeal phase (good, 21.9+13.7 vs. poor, 43.8+12.2, P<0.001) scores of the VDS.
There were no other clinical characteristics showing significant differences between the two groups.

Lesion location associated with poor swallowing recovery

Significantly higher rates of acute and chronic lesions in the left GP, the left IC, and the right PUT were observed
in the patients with poor swallowing recovery than those with good swallowing recovery (Supplemental Figure
S1). The lesion probability maps also showed that acute and chronic lesions with high frequency were located
at the GP, PUT, and IC in the patients with poor swallowing recovery compared to those with good swallowing
recovery (Fig. 1).

Lesion laterality associated with poor swallowing recovery

In Table 2, only bilateral chroniclesions were associated with increased risk of poor swallowing recovery compared
to no chronic lesion in the univariate logistic regression analysis (odds ratio [OR], 3.84; 95% confidence interval
[CI], 1.03-14.26; P=0.045), but not in the multivariable logistic regression analysis.

In Table 3, bilateral chronic lesions in the GP/PUT/IC were significantly associated with increased risk of
poor swallowing recovery compared to no chronic lesion in the GP/PUT/IC in the univariate (OR, 19.44; 95%
CI, 4.38-86.38; P<0.001) and multivariable (OR, 13.79; 95% CI, 2.84-67.06; P=0.001) analyses. Additionally,
bilateral all lesions in the GP/PUT/IC were significantly associated with increased risk of poor swallowing
recovery compared to no lesion in the GP/PUT/IC in the univariate (OR, 13.08; 95% CI, 2.52-67.90; P=0.002)
and multivariable (OR, 10.41; 95% CI, 1.80-60.16; P=0.009) analyses.

Lesion volume associated with poor swallowing recovery

In Table 4, the volume of chronic lesions in the bilateral hemispheres significantly differed between the patients
with good and poor swallowing recovery (good, 1.54 +6.10 cm®; poor, 2.93 +5.62 cm® P=0.014), whereas those
of acute and all lesions showed no significant difference. The volume of chronic lesions in the GP/PUT/IC was
significantly larger in the patients with poor swallowing recovery (good, 0.10+0.26 cm?; poor, 0.43+0.55 cm?;
P=0.001), whereas acute and all lesion volumes did not differ significantly between the groups.
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Good Poor

swallowing recovery | swallowing recovery

(n=118) (n=16) P
Age (years) 68.3 (14.1) 75.0 (5.4) 0.12
Sex (male) 58 (49.2%) 14 (87.5%) 0.006
NIHSS at admission® 8.8 (5.5) 7.4 (6.6) 0.14
Duration from stroke onset to initial VESS (days) | 15.5 [3-97] 12.0 [6-43] 0.08
Clinical dysphagia scale at initial VFSS 15.7 (13.5) 27.3(18.6) 0.008"
Videofluoroscopic dysphagia scale at initial VFSS*
Total (0-100) 29.9(17.2) 57.8 (13.1) <0.001"
Oral phase (0-40) 8.0 (7.2) 14.1 (7.5) 0.005"
Pharyngeal phase (0-60) 21.9 (13.7) 43.8 (12.2) <0.001"
Recommended diet at initial VFSS <0.001"
Tube feeding 36 (30.5%) 14 (87.5%)
Modified diet 27 (22.9%) 2 (12.5%)
Full oral diet 55 (46.6%) 0 (0.0%)
Swallowing therapy 47 (39.8%) 10 (62.5%) 0.09
Duration from stroke onset to brain MRI (days) 1.0 [0-39] 1.0 [0-5] 0.36
Lesion laterality of acute lesions 0.09
Right 38 (32.2%) 2 (12.5%)
Left 46 (39.0%) 11 (68.8%)
Bilateral 34 (28.8%) 3 (18.8%)
Lesion laterality of chronic lesions 0.71
None 57 (48.3%) 4(25.0%)
Right 14 (11.9%) 2 (12.5%)
Left 21 (17.8%) 3 (18.8%)
Bilateral 26 (22.0%) 7 (43.8%)
Lesion location
Frontal lobe 74 (62.7%) 7 (43.8%) 0.15
Temporal lobe 36 (30.5%) 8 (50.0%) 0.12
Parietal lobe 65 (55.1%) 6 (37.5%) 0.19
Occipital lobe 47 (39.8%) 3 (18.8%) 0.29
Limbic lobe 69 (58.5%) 10 (62.5%) 0.76
Thalamus 36 (30.5%) 8(50.0%) 0.12
Insula 50 (42.4%) 5(31.3%) 0.40
Globus pallidus 44 (37.3%) 11 (68.8%) 0.02"
Putamen 68 (57.6%) 13 (81.3%) 0.07
Internal capsule 74 (62.7%) 14 (87.5%) 0.05"
Brainstem 32 (27.1%) 6 (37.5%) 0.39

Table 1. Clinical and lesion characteristics in patients with good and poor swallowing recovery. Values are
presented as mean (standard deviation), median [range], or number (%). NIHSS, National Institutes of Health
Stroke Scale; VESS, videofluoroscopic swallowing study. "P<0.05. fNineteen patients were not included in the
analysis for NTHSS due to missing data. *One patient with good swallowing recovery was not included in the
analysis for the videofluoroscopic dysphagia scale due to poor VESS video quality.

Quantitative analysis for swallowing function
Among a total of 134 patients, one patient with good swallowing recovery was not included in the quantitative
analysis for swallowing function due to poor VESS video quality. In Supplemental Table 1, the total, oral phase,
and pharyngeal phase scores of the VDS did not significantly differ according to the laterality of acute and
chronic lesions in the bilateral hemispheres. In Table 5, the total and pharyngeal phase scores of the VDS differed
significantly according to the laterality of chronic lesions in the GP/PUT/IC (total score, P=0.011, post-hoc
P=0.008 for no lesion vs. bilateral lesions; pharyngeal score, P=0.009, post-hoc P=0.006 for no lesion vs. bilateral
lesions). The total and pharyngeal phase scores of the VDS also differed significantly according to the laterality of
all lesions in the GP/PUT/IC (total score, P=0.009, post-hoc P=0.016 for no lesion vs. bilateral lesions, post-hoc
P=0.011 for unilateral lesions vs. bilateral lesions; pharyngeal score, P=0.008, post-hoc P=0.006 for unilateral
lesions vs. bilateral lesions). There were no other findings showing significant differences.

Table 6 indicates the associations between VDS parameters and the laterality of acute, chronic, and all brain
lesions. Pyriform sinus residue was the only parameter to be significantly associated with the laterality of chronic
lesions in the bilateral hemispheres (P=0.030). For brain lesions in the GP/PUT/IC, lip closure and triggering of
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Fig. 1. The lesion probability maps in patients with post-stroke dysphagia. a, Patients with good swallowing
recovery. b, Patients with poor swallowing recovery. ¢, Differences between the patients with good and poor
swallowing recovery.

Univariate Multivariable®
Total Good swallowing recovery | Poor swallowing recovery | OR AOR
(n=134) |(n=118) (n=16) (95% CI) P (95% CI) P

Laterality of acute lesions

None

Unilateral 1.00 - 1.00

Right 40 (29.9%) | 38 (32.2%) 2 (12.5%)

Left 57 (42.5%) | 46 (39.0%) 11 (68.8%)

Bilateral | 37 (27.6%) | 34 (28.8%) 3 (18.8%) ?(')?17 sa13) | 040 (()6%110-1‘72) 022

Laterality of chronic lesions

None 61 (45.5%) | 57 (48.3%) 4(25.0%) 1.00 - 1.00

Unilateral fé(.);ll-s.l o |03t ?(‘)(')L_S' 61y |03

Right 16 (11.9%) | 14 (11.9%) 2 (12.5%)

Left 24 (17.9%) | 21 (17.8%) 3 (18.8%)

Bilateral 33 (24.6%) | 26 (22.0%) 7 (43.8%) 3.84 0.045 3.15 0.10
(1.03-14.26) (0.79-12.54)

Laterality of all lesions

None

Unilateral 1.00 - 1.00

Right 21 (15.7%) | 21 (17.8%) 0 (0.0%)

Left 33 (24.6%) | 29 (24.6%) 4(25.0%)

Bilateral | 80 (59.7%) | 68 (57.6%) 12 (75.0%) 2.21 019 | 183 035
(0.67-7.24) (0.52-6.40)

Table 2. Univariate and multivariable logistic regression analyses of the laterality of acute and chronic
lesions in the cerebral hemispheres associated with 6-month swallowing outcomes. CI, confidence interval;
OR, odds ratio; AOR, adjusted odds ratio. "P<0.05. TMultivariable logistic regression analyses are conducted
incorporating age and sex as variables.

pharyngeal swallow was associated significantly with the laterality of acute lesions (P=0.007, P=0.030), and lip
closure, vallecular residue, pyriform sinus residue, and aspiration were associated significantly with the laterality
of chronic and all lesions (chronic, P=0.035, P=0.036, P<0.001, P=0.015; all, P<0.001, P=0.022, P<0.001,
P=0.018). Apraxia was also significantly associated with the laterality of all lesions in the GP/PUT/IC (P=0.005).
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Univariate Multivariable®

Total Good swallowing recovery | Poor swallowing recovery | OR AOR

(n=134) (n=118) (n=16) (95% CI) P (95% CI) P
Laterality of acute lesions
None 59 (44%) 53 (44.9%) 6 (37.5%) 1.00 - 1.00
Unilateral (1(.;.14(1)8—4.11) 0.54 (1(5?418—4.76) 0.48
Right 34 (25.4%) |32 (27.1%) 2 (12.5%)
Left 39 (29.1%) | 31 (26.3%) 8 (50%)
Bilateral 2 (1.5%) 2 (1.7%) 0 (0%) 0.00 1.00 0.00 1.00
Laterality of chronic lesions
None 86 (64.2%) | 81 (68.6%) 5(31.3%) 1.00 - 1.00
Unilateral (2(.).5639—9.34) 0.16 (1(.)24—7.08) 0.42
Right 13 (9.7%) 10 (8.5%) 3 (18.8%)
Left 24 (17.9%) | 22 (18.6%) 2 (12.5%)
Bilateral | 11 (82%) |5 (4.2%) 6 (37.5%) (12';‘;78 638 | <0001 (123}572 6706 | 000
Laterality of all lesions
None 36 (26.9%) | 34 (28.8%) 2 (12.5%) 1.00 - 1.00
Unilateral ?(‘)?16775. 1) | 096 (()(')?1237 51 | 083
Right 31 (23.1%) | 31 (26.3%) 0 (0%)
Left 44 (32.8%) | 40 (33.9%) 4(25%)
Bilateral | 23 (17.2%) | 13 (11%) 10 (62.5%) (123";)57 67.90) | 0002 (13'3(}7 6016 | 0009

Table 3. Univariate and multivariable logistic regression analyses of the laterality of acute and chronic lesions
in the globus pallidus, putamen, and/or internal capsule associated with 6-month swallowing outcomes. CI,
confidence interval; OR, odds ratio; AOR, adjusted odds ratio. "P<0.05. TMultivariable logistic regression
analyses are conducted incorporating age and sex as variables.

Good swallowing recovery | Poor swallowing recovery | P
Hemispheres
Acute lesions 48.83+£80.25 31.50+68.14 0.052
Chronic lesions 1.54+6.10 2.93+5.62 0.014"
All lesions 50.32+80.46 34.42+66.99 0.30
Globus pallidus, putamen, and/or internal capsule
Acute lesions 1.91+£3.34 2.24+4.11 0.57
Chronic lesions 0.10+0.26 0.43+0.55 0.001"
All lesions 2.00+3.32 2.66+4.01 0.13

Table 4. Comparison results for volume (cm?) of acute, chronic, and all lesions between patients with good
and poor swallowing recovery. "P<0.05.

Discussion
This study aimed to demonstrate the neuroanatomical characteristics of bilateral hemispheric lesions associated
with 6-month swallowing outcomes in PSD patients after acute ischemic stroke. Patients were divided into good
and poor swallowing recovery groups based on the need for tube feeding or diet modification. Permutation
testing revealed that the GP/PUT/IC exhibited significantly higher rates of acute and chronic lesions in patients
with poor swallowing recovery than in those with good recovery. Based on the results, the GP/PUT/IC were
adopted as lesion locations for analyzing the associations between bilateral hemispheric lesions and 6-month
swallowing outcomes. Chronic lesions in the bilateral hemispheres showed a significant association with poor
swallowing recovery in the univariate analysis only and indicated significantly increased lesion volume in
patients with poor swallowing recovery compared to those with good recovery. Specifically, chronic lesions
in the bilateral GP/PUT/IC showed a significant association with poor swallowing recovery in both univariate
and multivariable analyses and indicated significantly increased lesion volume in patients with poor swallowing
recovery compared to those with good recovery. Additionally, all lesions in the bilateral GP/PUT/IC showed a
significant association with poor swallowing recovery in both univariate and multivariable analyses.

Previous neurophysiological and functional imaging studies on animal and human cerebral cortices have
established that the neural representation of swallowing in the brain is bilateral, although possible equi-
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Total P Oral P Pharyngeal | P
Acute 0.54 0.08 0.99
None (n=58) 31.4(18.8) 7.1 (6.6) 24.4 (16.3)
Unilateral (n=73) | 34.8 (19.1) 10.0 (7.9) 24.7 (14.5)
Bilateral (n=2) 31.3 (35.0) 7.8 (11.0) 23.5 (24.0)
Chronic 0.011° 0.48 0.009"
None (1=85) 30.8 (19.0) P 063 8.3 (7.6) 22.5(15.1) P 059
Unilateral (n=37) | 34.2 (18.0) PZ:O.OOS* 8.8 (6.7) 25.4 (14.9) PZ:O.006f
X P,=0.06 P,=0.05
Bilateral (n=11) 48.9 (16.4) 3 11.5 (9.0) 37.3(12.2) 3
All 0.009" 0.12 0.008"
None (n=35) 30.3 (19.5) P =0.97 6.8 (6.5) 23.6 (16.5) P, =091
Unilateral (n=75) | 31.3 (18.8) P2=0.016" 8.9 (7.7) 22.3(14.7) P,=0.039
P,=0.011 P,=0.006"
Bilateral (n=23) |44.2(16.1) | 3 0.0 10.8 (7.9) 33.4(12.3) 5=0.006

Table 5. Associations between the total, oral phase, and pharyngeal phase scores of the videofluoroscopic
dysphagia scale and the laterality of acute and chronic lesions in the globus pallidus, putamen, and/or internal
capsule. Values are presented as mean (standard deviation). P, = Post-hoc P (none vs. unilateral); P, =Post-hoc
P (none vs. bilateral); P, =Post-hoc P (unilateral vs. bilateral). "P<0.05. TPost-hoc P<0.017.

Cerebral hemispheres GP/PUT/IC

Acute (n=133) | Chronic (n=73) | All (n=133) | Acute (n=75) | Chronic (n=48) | All (n=98)
Oral phase
Lip closure 0.47 0.59 0.59 0.007" 0.035 <0.001"
Bolus formation 0.55 0.53 0.97 0.08 0.59 0.35
Mastication 0.19 0.53 0.80 0.40 0.87 0.56
Apraxia 0.19 0.12 0.10 0.08 0.10 0.005
Tongue to palate contact 0.45 0.36 0.45 0.20 0.36 0.11
Premature bolus loss 0.31 0.98 0.53 0.27 0.67 0.44
Oral transit time 0.19 0.61 0.63 0.62 0.40 0.69
Pharyngeal phase
;;;%522;31 ‘;ﬁlanow 0.26 0.88 0.41 0.030° 0.70 0.47
Vallecular residue 0.45 0.12 0.22 0.32 0.036" 0.022"
Laryngeal elevation 0.33 0.31 0.45 0.61 0.14 0.34
Pyriform sinus residue 0.76 0.030° 0.28 0.15 <0.001" <0.001"
Coating of pharyngeal wall | 0.28 0.74 0.86 0.62 0.29 0.26
Pharyngeal transit time 0.50 0.54 0.96 0.43 0.98 0.98
Aspiration 0.44 0.33 0.73 0.81 0.015 0.018"

Table 6. Associations between the videofluoroscopic dysphagia scale parameters and lesion laterality (none,
unilateral, bilateral) across acute, chronic, and all lesions in the cerebral hemispheres and globus pallidus,
putamen, and/or internal capsule (GP/PUT/IC). Values are presented as P-values of chi-squared test or Fisher’s
exact test. "P<0.05.

hemispheric contribution to cortical swallowing control is suggested in animal species, whereas bilateral
hemispheric representation with an asymmetric dominance is identified in the human cortex?. Previous
clinical studies have also demonstrated an increased risk of PSD necessitating the use of feeding tubes in cases
of bilateral stroke?"?2. Particularly when the dominant hemisphere for swallowing control is affected, the long-
term prognosis of PSD may be worse in patients with bilateral stroke*’. Considering the swallowing regulatory
mechanism, bilateral hemispheric lesions after stroke have been considered to result in the severe deterioration
of swallowing function by interfering with compensatory reorganization on the undamaged side”?!. Our results
are partially consistent with those in the previous literature in that the risk of poor swallowing recovery was
substantially high in PSD patients with bilateral lesions of GP/PUT/IC, rather than bilateral lesions encompassing
the entire hemispheres or unilateral lesions within GP/PUT/IC.

This study indicated that long-term swallowing prognosis was associated with subcortical lesions in the
GP/PUT/IC, rather than lesions in cortical regions, including the primary motor and somatosensory cortices,
inferior frontal gyrus, anterior cingulate cortex, orbitofrontal cortex, and supramarginal gyrus, which reported
to be associated with PSD'>?>%6, Indeed, subcortical lesions have shown relatively strong associations with PSD
compared to cortical lesions?*. Lesions of subcortical areas such as GP, PUT, and corona radiata are associated
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with pharyngeal swallowing or aspiration in PSD?’. Injuries of the GP, PUT, and associated white matter tracts,
which are part of a neural circuit of voluntary swallowing, may lead to dysfunction of the corticomedullary tract,
cortico-neostriatum-thalamocortical and neostriatum-substantia nigral loops, resulting in impaired inhibition
of the medulla oblongata?®?°. Lesions at the GP and PUT can deteriorate the maintenance of normal tone of the
pharyngeal and laryngeal muscles and induce hyper-reflexive contraction of the cricopharyngeal muscles®®!
which is consistent with the findings of current study in that swallowing function in the pharyngeal phase
was more impaired in patients with bilateral chronic lesions in the GP/PUT/IC. Additionally, the severity and
location of white matter lesions have been considered important factors influencing the outcomes of PSD*%32,
Particularly, damage to the corticobulbar tract, which is located at the posterior limb of the IC, can lead to the
disconnection between the brain cortex and the swallowing center of the brainstem, consequently leading to
compromised swallowing function®. The impairment of the bilateral corticobulbar tracts is associated with both
short-3+%° and long-term>* swallowing recovery in patients with PSD. Future studies are needed to examine
deteriorative and compensatory mechanisms underlying the disruption of swallowing-related neural circuits
involving the GP, PUT, or IC, which may facilitate the development of alternative therapeutic strategies for
patients with PSD.

Interestingly, acute lesions in the bilateral hemispheres or the bilateral GP/PUT/IC were not associated with
long-term swallowing prognosis. As shown in Tables 2 and 3, acute lesions in the bilateral hemispheres were
found in 37 out of 134 patients (27.6%), whereas only 2 patients (1.5%) had acute lesions in the GP/PUT/IC,
which imply that most bilateral acute lesions likely occurred in regions other than these specific subcortical
structures. Given the small number of patients with acute lesions in the GP/PUT/IC, this finding should be
interpreted with caution. In contrast, both chronic lesions and all lesions in the GP/PUT/IC were significantly
associated with long-term swallowing prognosis in this study. Similarly, the volume of chronic lesions in the
bilateral GP/PUT/IC was greater in patients with poor swallowing recovery than in those with good recovery.
The volume difference was not observed in patients with acute lesions or all lesions in those regions. It is
considered less likely that a single, acute stroke would involve bilateral lesions in the GP/PUT/IC, although
chronic stroke may have a relatively higher likelihood of involving these regions bilaterally. Additionally, in
previous case studies, chronic lesions combined with acute lesions in the operculum or subcortical regions
of the bilateral hemispheres can result in severe PSD, which was reported as bilateral opercular syndrome or
Foix-Chavany-Marie syndrome®”~*. Moreover, bilateral chronic lesions, such as small lacunar infarcts or white
matter hyperintensities in the subcortical areas, typically assessed by the Fazekas scale’ are associated with the
occurrence and severity of PSD and may cause high susceptibility to corticobulbar tract dysfunction, thereby
interfering with neural control of swallowing>***!. These findings may indicate that chronic lesions could reflect
accumulated structural damages in subcortical pathways, potentially a more enduring impact on swallowing
functions than acute lesions alone. The present study highlights that chronic bilateral brain lesions involving GP/
PUT/IC are significantly associated with long-term swallowing outcomes in patients with acute ischemic stroke,
underscoring their prognostic value in clinical assessments. Even if most small lacunar infarcts or white matter
injuries have been regarded as asymptomatic or associated with gradual cognitive decline rather than severe
neurologic deterioration, pre-existing chronic lesions should be considered an essential cause of the severe
swallowing impairment that persists up to 6 months after stroke.

This study had several limitations. First, the sample size was small, especially for the patients with poor
swallowing recovery. Permutation testing was used as a non-parametric method to compare the frequency of
lesion locations between the patients with good and poor swallowing recovery via 5000 permutations. This
contributed to the identification of the GP, PUT, and IC with significantly higher rates of acute and chronic lesions
in the brain in the patients with poor swallowing recovery. Second, this study was conducted on retrospective
cohorts. Swallowing function in all patients with PSD was evaluated using VESS, a standardized, instrumental
swallowing assessment with high sensitivity and specificity for detecting swallowing impairment in patients with
stroke, although the information regarding follow-up VFSS was not included in the analysis. Previous history of
dysphagia or stroke was not available in the clinical records because of retrospective nature of this study, which
could have affected the swallowing outcomes and interpretations of the results. Acute stroke in all patients was
also confirmed using brain MRI; however, the details of the MRI sequences and MRI scanners varied across the
patients. Further prospective studies are warranted to investigate the neuroanatomical characteristics based on a
homogenous, standardized protocol for acquiring brain MRI images, thereby ensuring the development of long-
term outcome prediction models with high accuracy and robustness based on stroke lesions.

In conclusion, this study highlights the prognostic value of chronic bilateral brain lesions involving GP/PUT/
IC as a crucial neuroanatomical characteristic in patients with PSD. In particular, bilateral chronic subcortical
lesions, including the GP, PUT, and IC, are associated with poor swallowing recovery and show increased lesion
volume in patients with poor swallowing recovery compared to those with good swallowing recovery. This
study suggests that clinicians should consider the impact of pre-existing chronic brain lesions on the long-
term swallowing prognosis in patients with PSD following acute ischemic stroke. Future studies are needed
to examine the deteriorative and compensatory mechanisms underlying the disruption of swallowing-related
neural circuits involving the GP, PUT, and IC, which may facilitate the development of alternative therapeutic
strategies for patients with PSD.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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