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Editorial

Recent Advances in Clinical Nutrition in Stroke Rehabilitation

Yoshihiro Yoshimura

Center for Sarcopenia and Malnutrition Research, Kumamoto Rehabilitation Hospital, 760 Magate, Kikuyo-Town,
Kikuchi-County, Kumamoto 869-1106, Japan; hanley.belfus@gmail.com; Tel.: +81-96-232-3111;
Fax: +81-96-232-3119

Stroke is a common cause of death and disability worldwide. Malnutrition is prevalent
in stroke rehabilitation patients, and has serious negative effects on outcomes. In addition,
there is growing interest in new concepts related to malnutrition, such as sarcopenia, frailty,
cachexia, chronic inflammation, dysphagia, and oral problems, all of which contribute
to a poor prognosis. Therefore, it is necessary to assess nutritional status early and, if
needed, provide appropriate nutritional intervention to improve patient outcomes. A
multidisciplinary approach is strongly recommended in this setting; as such, high-quality
clinical evidence regarding clinical nutrition in stroke rehabilitation is needed.

This Special Issue updates our knowledge of clinical nutrition for stroke patients and
includes interesting studies on topics including nutrition and weight management in the
early stages of stroke, the relationship between frailty and improved physical function,
weight gain by providing stored energy, physical activity and diet quality, L-carnitine and
cognitive level, and the prediction of stroke prognosis using temporal muscles.

Aggressive nutritional management at the early stages of stroke onset may be effective
in improving prognosis. In a retrospective cohort study, Sato et al. showed that high-
energy nutritional intake during the first week post-stroke was associated with high rates
of discharge from the hospital to home [1]. Additionally, Kishimoto et al. showed that
weight maintenance or gain in post-stroke patients during the early phases of convalescence
rehabilitation is independently associated with improvements in physical function [2]. Fur-
thermore, Yoshimura et al. conducted a retrospective cohort study of underweight patients
aged ≥70 years with a body mass index of less than 20.0 kg/m2 undergoing convalescent
rehabilitation after stroke. The study found that providing stored energy contributed to
weight gain and increased skeletal muscle mass [3], and that it took approximately 9600 kcal
of energy to gain 1 kg of body weight in underweight patients. These findings emphasize
the importance of not only exercise therapy [4] and correction of polypharmacy [5], but
also of aggressive nutritional support at the early stages to improve prognosis post-stroke.

Physical activity is also important in the rehabilitation of stroke patients. Nguyen et al.
showed that physical activity and diet quality significantly modified the negative impacts of
comorbidity on disability in stroke patients [6]. Comorbidities in stroke patients are strongly
associated with poor prognosis, death, increased levels of disability, and worse functional
outcomes post-stroke. Therefore, it is important to assess comorbidities early and increase
physical activity and diet quality for appropriate treatment and rehabilitation. Furthermore,
Nozoe et al. showed that pre-stroke frailty was associated with declines in physical
function several months post-stroke [7]. These findings indicate that preventing frailty
reduces functional disability, and that maintaining high physical function is associated
with a better post-stroke quality of life.

Another interesting finding is that L-carnitine may serve a neuroprotective role against
white matter microstructural damage and cognitive impairment in hemodialysis patients,
according to Ueno et al. [8]. Long-term administration of carnitine may ameliorate damage
to white matter microstructure by suppressing neuroinflammation and improving the exec-
utive function and attention associated with the protection of several candidate fiber tracts.
Long-term administration of carnitine may be a novel treatment for vascular dementia.
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However, as this study is based on hemodialysis patients, further studies are needed to
validate the neuroprotective effects of L-carnitine in post-stroke patients.

Katsuki et al. outlined reports on temporal muscle thickness (TMT) and stroke. TMT
is associated with nutritional status and risk of sarcopenia after stroke. It is also a useful
prognostic marker for dysphagia in patients with subarachnoid and cerebral hemorrhage.
In recent years, there has been a rapid increase in the number of reports on TMT and
stroke, as TMT is considered one of the most important clinical factors [9]. Sarcopenia and
malnutrition are frequently observed in stroke patients and are associated with impaired
rehabilitation outcomes. Instruments such as bioelectrical impedance analysis and dual
energy X-ray absorptiometry are required to evaluate skeletal muscle mass in diagnosing
sarcopenia. However, if TMT can be quantified simply by echo, it may be widely applied
in daily stroke rehabilitation clinical practice.

The current Special Issue presents recent advances in clinical nutrition in stroke
rehabilitation, highlighting the importance of nutritional management and physical activity
in improving functional outcomes after stroke. The advances shown are of great interest
from a clinical perspective, with a growing number of stroke patients around the world,
and may act as the basis for future research.
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Abstract: Background: Evaluating muscle mass and function among stroke patients is important.
However, evaluating muscle volume and function is not easy due to the disturbances of consciousness
and paresis. Temporal muscle thickness (TMT) has been introduced as a novel surrogate marker for
muscle mass, function, and nutritional status. We herein performed a narrative literature review on
temporal muscle and stroke to understand the current meaning of TMT in clinical stroke practice.
Methods: The search was performed in PubMed, last updated in October 2021. Reports on temporal
muscle morphomics and stroke-related diseases or clinical entities were collected. Results: Four
studies reported on TMT and subarachnoid hemorrhage, two studies on intracerebral hemorrhage,
two studies on ischemic stroke, two studies on standard TMT values, and two studies on nutritional
status. TMT was reported as a prognostic factor for several diseases, a surrogate marker for skeletal
muscle mass, and an indicator of nutritional status. Computed tomography, magnetic resonance
imaging, and ultrasonography were used to measure TMT. Conclusions: TMT is gradually being
used as a prognostic factor for stroke or a surrogate marker for skeletal muscle mass and nutritional
status. The establishment of standard methods to measure TMT and large prospective studies to
further investigate the relationship between TMT and diseases are needed.

Keywords: frailty; muscle volume; nutritional status; prognostic factor; sarcopenia; skeletal muscle
mass; stroke; temporal muscle thickness

1. Introduction

Stroke is a widely known cause of disability [1]. Stroke also increases the risk of skeletal
muscle loss [2]—sarcopenia—which contributes to further disability related to stroke [3].
Furthermore, pre-stroke sarcopenia is also associated with poor functional outcomes [4,5].
Therefore, evaluating muscle mass and function among stroke patients is important [6,7],
and aggressive nutrition therapy [8–10], deprescribing [11], and rehabilitation [12,13] re
applicable for those with stroke, as well as those at high risk for muscle loss.

Measuring skeletal muscle mass and function is an evolving parameter for the clinical
evaluation of physiological conditions [14]. The gold standard to evaluate sarcopenia are
muscle function tests such as the gait speed test and the grip strength test, according to
the European Working Group on Sarcopenia in Older People (EWGSOP), EWGSOP2, and
the Asian Working Group for Sarcopenia (AGWS) [15,16]. However, measuring muscle
function such as grip strength and gait speed sometimes cannot be performed because
stroke patients often have disturbances of consciousness, are sedated, are resting due to
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surgical treatment, or experience paresis. Therefore, an alternative method to evaluate
muscle mass and function is needed.

Recently, temporal muscle thickness (TMT) on computed tomography (CT) images or
magnetic resonance images (MRI) has been introduced as a novel surrogate marker with
which to measure muscle mass [17], function [18], and nutritional status [19,20]. CT and
MRI are routinely performed for stroke patients, and TMT measurement is easier than other
methods such as quantitative measurements of the cross-sectional skeletal muscle area at
the third lumbar vertebra using CT imaging, which is known to be significantly correlated
with whole-body muscle [16]. Therefore, TMT is attractive as an alternative method to
evaluate muscle mass and function for stroke patients. The first purpose of the narrative
literature review that we present herein is to investigate reports on TMT and stroke. The
second purpose is to understand the current meaning of TMT in clinical stroke practice.
In addition to TMT [21,22], we also examined temporal muscle area (TMA) [21,23,24] and
temporal muscle volume (TMV) [9] as novel TM-related surrogate markers for skeletal
muscle mass.

2. Materials and Methods

Studies regarding TMT and stroke were examined. The search was performed in
PubMed, last updated in October 2021, using the terms “stroke” OR “intracerebral hemor-
rhage (ICH)” OR “subarachnoid hemorrhage (SAH)” OR “cerebral infarction” OR “rehabil-
itation” OR “sarcopenia” OR “frailty” OR “nutrition” AND “temporal muscle thickness”.
The PubMed search resulted in a total of 73 articles. We systematically read through the
abstracts of all original articles available in English. We included studies on the association
between stroke and TMT, with a sample size of around 50 cases and appropriate statistical
analyses. We also checked through the lists of references to complete our collection of
studies. All the authors verified the correct transcription of the data to our manuscript.
Finally, we included eight studies related to stroke in our review.

3. Results

Four studies reported the association between TMT and SAH [9,21,23,24], two studies
between TMT and ICH [25,26], and two studies between TMT and ischemic stroke [27,28].
The other four studies described the standard TMT values [18,29] and the relationship
between TMT and nutritional status [19,20]. The Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) 2020 flow diagram [30] for systematic review is
shown as Figure 1.

3.1. Temporal Muscle and SAH

Katsuki et al. first reported TMT as a prognostic factor for SAH outcomes in 2019,
investigating 49 SAH patients over 75 years of age who were treated by clipping with
craniotomy [21]. TMT was measured on CT images on admission, using Aquilion ONE
(Canon Medical Systems Corporation, Tochigi, Japan) with 0.5 × 0.5 x 1.0 mm voxels.
The slice thickness was reconstructed to 5 mm. The window width was adjusted to 300
Hounsfield units and the window level was adjusted to 20 Hounsfield units. TMT was
measured bilaterally perpendicular to the long axis of the temporal muscle at a slice 5 mm
above the orbital roof using SYNAPSE V 4.1.5 imaging software (Fujifilm Medical, Tokyo,
Japan). Then, the averages of the left and right of the TMTs were used. The method to
measure TMT on CT was thereby defined. Katsuki et al. then performed univariate analysis
regarding TMT and functional outcome at six months. The study was preliminary, but the
study suggested that greater TMT was related to favorable outcomes among elderly SAH.

Katsuki et al. next investigated the relationship between temporal muscle and Hunt
and Kosnik grade on admission and functional outcome at six months [23]. They examined
298 all age-group patients, and all patients were treated by endovascular coiling. They
revealed that the Hunt and Kosnik grade on admission and functional outcome were
related to TMT and TMA. TMA was measured manually by tracing the outline of the
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temporal muscle on the same CT slice as that used for measuring TMT. Notably, this study
suggests that TMT and TMA are related to both the severity of SAH and functional outcome
regardless of age, not only for the elderly.

 

Figure 1. PRISMA 2020 flow diagram for this review.

They then investigated 127 SAH patients under 75 years of age who were treated
by clipping [24]. They examined the cut-off values for the functional outcomes. Receiver
operating characteristic analysis found that the threshold of TMT was 4.9 mm in women
and 6.7 mm in men, and that of TMA was 193 mm2 in women and 333 mm2 in men, which
were the cut-off values for the functional outcomes among SAH patients under 75 years of
age.

Onodera et al. [9] examined TMV using volume rendering software (Ziostation 2
version 2.9.5.1, Ziosoft, Tokyo), because TMT may be less reproducible. They investigated
60 SAH patients and measured TMV on the CT images at admission and two weeks after
aneurysm treatment. Patients whose TMV had decreased by ≥20% were classified into
the “atrophy group,” whereas those whose TMV had decreased by <20% were classified
into the “maintenance group.” Their study showed that the food intake score and the
functional outcome were significantly more positive in the TMV maintenance group than
the TMV atrophy group. Therefore, this study suggests the importance of early high-protein
administration to maintain TMV in the acute term (Table 1).
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Table 1. Previous reports on the association between temporal muscle and SAH.

Author Year Number of Cases Abstract

Katsuki [21] 2019 49 High TMT was related to favorable outcomes among elderly SAH.

Katsuki [23] 2020 298
TMT and TMA were related to Hunt and Kosnik grade and functional

outcome at six months after endovascular coiling, regardless of age.

Katsuki [24] 2021 127

The threshold of TMT was 4.9 mm in women and 6.7 mm in men, and that of
TMA was 193 mm2 in women and 333 mm2 in men, which were the cut-off

values for the functional outcomes at six months among SAH patients under
75 years of age.

Onodera [9] 2021 60
The food intake score and the functional outcome at discharge were

significantly more positive in the TMV maintenance group than the TMV
atrophy group after SAH.

Abbreviations: SAH: subarachnoid hemorrhage; TMA: temporal muscle area; TMT: temporal muscle thickness;
TMV: temporal muscle volume.

3.2. Temporal Muscle and ICH

Katsuki et al. examined 75 ICH patients treated by endoscopic hematoma removal
and investigated the factors related to the functional outcome [25]. They revealed that
lower total protein level was related to poor outcomes at six months. In addition, they
mentioned TMA as an indicator of nutrition, but TMA itself was not significantly related
to the outcome (p = 0.08). However, they suggested that low nutritional status, indicated
by lower total protein level and low TMA altogether, seemed to be associated with poor
outcomes.

Gomes et al. examined 24 post-hemorrhagic stroke patients in the chronic stage and
tested bite force and TMT [26]. Maximum molar bite force was verified using a digital
dynamometer. TMT was measured using ultrasound images obtained at rest and during
maximal voluntary contraction of the masseter and temporalis muscles. The TMT on
the unaffected side was larger than on the affected side. This study first focused on the
functional and morphological changes in the stomatognathic system after a hemorrhagic
stroke. The clinical meaning of these changes was investigated (Table 2).

Table 2. Previous reports on the association between temporal muscle and ICH.

Author Year Number of Cases Abstract

Katsuki [25] 2019 75
Low nutritional status, indicated by low total protein level and low TMA

altogether, seemed to be associated with the poor functional outcomes at six
months after endoscopic hematoma removal.

Gomes [26] 2021 24
TMT on the unaffected side was greater than on the affected side after a

hemorrhagic stroke.

Abbreviations: ICH: intracerebral hemorrhage; TMA: temporal muscle area; TMT: temporal muscle thickness.

3.3. Temporal Muscle and Stroke

Sakai et al. [27] investigated 70 acute cerebral infarction patients’ TMT on the T2-weight
MR image and functional oral intake scales. They revealed that TMT was a significant
explanator of dysphagia severity following acute ischemic stroke, along with age and the
National Institute of Health Stroke Scale score. The measuring method of TMT using T2-
weighted images was similar to the previous report from Furtner et al. using T1-weighted
images [31]. They first reported the association between TMT and ischemic stroke-related
dysphagia in the acute term.

Nozoe et al. [28] examined 289 acute elderly stroke patients and investigated TMT
on CT images as an indicator of sarcopenia risk and its relationship with the functional
outcome at three months. They found that sarcopenia risk was independently associated
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with TMT in older patients with acute stroke. However, TMT was not independently
related to the functional outcome (Table 3).

Table 3. Previous reports on the association between temporal muscle and stroke.

Author Year Number of Cases Abstract

Sakai [27] 2021 70
TMT was a significant explanator of dysphagia severity following acute

ischemic stroke.

Nozoe [28] 2021 289
Sarcopenia risk was independently associated with TMT in older patients with

acute stroke, but TMT was not independently related to the
functional outcome.

Abbreviations: TMT: temporal muscle thickness.

3.4. Standard Values of TMT

Steindl et al. [18] investigated a 624-individual MRI dataset to establish standard
reference values of TMT on T1-weighted images. The cohort consisted of two MRI repos-
itories: The Enhanced Nathan Kline Institute-Rockland Sample [32]; and the Designed
Database of MR Brain Images of Healthy Volunteers [33]. TMT was measured on isovoxel
(1 × 1 × 1 mm3) T1-weighted MR images perpendicular to the long axis of the temporal
muscle on an axial plane, which was oriented parallel to the anterior commissure-posterior
commissure line. They also examined 422 healthy volunteers and 130 cases as a prospective
validation cohort and found that TMT and grip strength were correlated. This was the
first report to validate the relationship between the TMT and grip strength, namely muscle
function, prospectively.

Katsuki et al. [29] investigated a database of 360 Japanese individuals’ brain check-ups
obtained by MRI. They measured TMT in the same way previously reported in [18] to
obtain standard values of TMT among Japanese individuals. They compared their result
to Steindl’s results to obtain the racial difference, but the background of the participants
differed. They did not perform any muscle function test, so further investigation is needed
(Table 4).

Table 4. TMT and nutritional status.

Author Year Number of Cases Abstract

Steindl [18] 2020 1175
Standard values of TMT were investigated, and TMT and grip strength

were correlated.

Katsuki [29] 2021 360
Standard values of TMT were investigated among Japanese individuals who

underwent brain check-ups.

Abbreviations: TMT: temporal muscle thickness.

3.5. TMT and Nutritional Status

Hasegawa et al. [20] investigated 73 elderly individuals to measure their TMT using
ultrasonography and nutritional status assessed with anthropometric measurements and
laboratory tests. Arm circumference (AC) was measured in the middle of the non-dominant
upper arm using a measuring tape. Arm muscle circumference (AMC) was calculated
based on the standard procedure using the following formula: AMC (cm) = AC (cm)−π

x the triceps skinfold thickness (cm) [34]. Calf circumference (CC) was measured with
a tape at the maximum girth of the right calf with the leg in a lying position. TMT was
strongly correlated with CC and AMC. However, there were no strong correlations with
serum protein levels, nor was fat mass evaluated in the triceps skinfold thickness. They also
examined the reliability to measure TMT using ultrasonography; the inter-rater reliability
was 0.99.

Hasegawa et al. also performed a prospective study [19]. The study aimed to examine
whether a change in TMT evaluated by the ultrasonography was directly correlated with
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energy adequacy, and to determine the cut-off value of a change in TMT to detect energy
inadequacy. They investigated 48 bedridden elderly patients and revealed that percentage
change in TMT was significantly correlated with energy adequacy. They suggested that
the assessment of TMT changes could be helpful for performing better nutritional therapy
(Table 5).

Table 5. TMT and nutritional status.

Author Year Number of Cases Abstract

Hasegawa [20] 2019 73
TMT was strongly correlated with CC and ACM. However, there were no

strong correlations with serum protein levels, nor was fat mass evaluated in
the triceps skinfold thickness.

Hasegawa [19] 2021 48
TMT changes were directly correlated with energy adequacy in bedridden

older adults.

Abbreviations: ACM: arm muscle circumference; CC: Calf circumference; TMT: temporal muscle thickness.

4. Discussion

We herein reviewed reports on TMT and stroke. TMT is useful as a prognostic marker
for SAH, ICH, and dysphagia after stroke. It also indicates nutritional status and risk of
sarcopenia. As the number of reports on TMT and stroke has been increasing rapidly in
recent years, we believe that TMT is one of the important factors in clinical practice. In
addition to this review, we discussed the TMT measurement method and TMT use in other
neurosurgical practices.

4.1. TMT Measurement Method

A standard TMT measurement method has not been established. Old reports used
volume rendering software [35,36], and Onodera et al. also used a similar approach [9] to
measure TMV, but not TMT. Then, Furtner et al. established TMT measurement using T1-
weighted MR images. They measured TMT perpendicular to the long axis of the temporal
muscle at the level of the orbital roof [14,17,18,37,38]. This method is widely used, but low
accessibility to MRI in routine work is a problem. Sakai et al. [27] used T2-weighted MR
images, rather than T1-weighted images. The difference between the T1- and T2-weighted
images should be discussed. Katsuki et al.first defined TMT and TMA on CT images [21].
CT is more accessible than MRI, so TMT measurement on CT seems better for routine
clinical work. Hasegawa et al. used ultrasonography (M-Turbo; SonoSite, Bothell, WA,
USA) to measure TMT at 4 cm from the eyelid and 2 cm above the reference line, which
was the orbitomeatal line [20]. Ultrasonography is not so reproducible, but their study
reported that TMT measurement by ultrasonography is reliable.

As described above, there are some ways to measure temporal muscle morphomics,
including TMT, TMA, and TMV. Easiness and high reproducibility are needed to establish
a standard method. Further study on the measurement method is desirable.

4.2. Temporal Muscle in Other Neurosurgical Practice

The first report on the temporal muscle as a prognostic factor in neurosurgical practice
evaluated the operative risk in non-syndromic craniosynostosis in 2013 [36]. The authors
used volume rendering software to assess the temporal fat pad. Since this report, there have
been several papers on the temporalis muscle and prognosis, especially in brain tumors.
There are several reports on overall survival and temporal muscle in glioblastoma [38–45],
metastatic brain tumor [31,46,47], and primary central nervous system lymphoma [37,48].
As in reports on TMT and stroke, all of these reports used temporal muscle to indicate
nutritional status and skeletal muscle mass volume. The greater the temporal muscle, the
better the outcome, probably due to better nutritional status and more skeletal muscle mass.
Furthermore, deep learning-based quantification of TMA has been reported [49], so it is
expected that TMA measuring will be widely performed.
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4.3. Limitations

As described above, TMT is now attractive, and many studies have been performed,
but some issues should be addressed. First, most of the studies were retrospective, so
further prospective study is needed. Second, the sample sizes were small, so studies with
large sample sizes are desirable. Third, a standard TMT measurement method has not been
established, and several methods can be used, such as MRI, CT, and ultrasonography. A
standard approach to measuring TMT is needed. Fourth, the direct mechanism of why
large temporal muscle relates to favorable prognosis has not been clarified. The true
mechanism between TMT and outcomes should be discussed from several perspectives,
such as rehabilitation, nutrition, frailty, deglutition, or basic medicine. Some of the problems
may be resolved as TMT measurements are routinely taken, thereby tracking time-course
changes.

5. Conclusions

TMT seems to be useful surrogate marker for skeletal muscle volume and function,
and is a potential prognostic factor. Research on the association between stroke and TMT is
increasing. Further research is needed to establish the usefulness of TMT.
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Abstract: It has been reported that weight gain at discharge compared with admission is associated
with improved activities of daily living in convalescent rehabilitation (CR) patients with low body
mass index. Here, we investigated whether weight maintenance or gain during the early phase of
CR after stroke correlates with a better functional recovery in patients with a wide range of BMI
values. We conducted this retrospective cohort study in a CR ward of our hospital and included
adult stroke patients admitted to the ward from January 2014 to December 2018. After ~1 month of
hospitalization, the patients were classified into weight loss and weight maintenance or gain (WMG)
groups based on the Global Leadership Initiative on Malnutrition criteria for weight. We adopted
the motor functional independence measure (FIM) gain as the primary outcome. The motor FIM
gain tended to be greater in the WMG group but without statistical significance. However, multiple
regression analysis showed that WMG was significantly and positively associated with motor FIM
gain. In conclusion, weight maintenance or gain in patients during the early phase of CR after stroke
may be considered as a predictor of their functional recovery, and nutritional management to prevent
weight loss immediately after the start of rehabilitation would contribute to this.

Keywords: convalescent rehabilitation; stroke; body weight; functional recovery; nutritional management

1. Introduction

The aging of the society is a global challenge today, and frailty [1] has become a critical
issue. While there have been many molecular biological [2] and biochemical [3,4] studies
on frailty, various epidemiological studies have also been conducted, and it is known that
people with frailty have a higher risk of developing strokes [5], as well as a higher risk
of falls and hip fractures [6]. In Japan, the national health insurance system established
a convalescent rehabilitation (CR) ward in the year 2000, which has played an important
role in the post-acute care of patients with stroke, brain or spinal cord injury, hip fracture,
and hospital-associated deconditioning [7]. It has been reported that the prevalence of
malnutrition, malnutrition risk status, and sarcopenia is high among patients admitted
to the ward [8,9]. In addition, having malnutrition or sarcopenia has been associated
with poor recovery of physical function in CR [9,10]. On the other hand, improvement
of nutritional status among malnourished elderly patients with stroke during CR has
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been linked to improved activities of daily living (ADLs) [11,12]. Furthermore, we have
previously reported that a group of patients whose nutritional status was maintained at
good or even slightly improved from poor during CR had better functional recovery than a
group of patients whose nutritional status remained poor or worsened even if their status
was good at admission [13].

Among these studies, MNA -SF [14] in Ref. 11 GNRI [15] in Ref. 12, and CONUT [16]
in Ref. 13 have been used as diagnostic tools for malnutrition or monitoring indicators
of nutritional status, and recently, “GLIM(Global Leadership Initiative on Malnutrition)
criteria for the diagnosis of malnutrition” [17] has been proposed as a consensus report from
several clinical nutrition societies around the world. The GLIM criteria state that screening
for nutritional status should be conducted using validated tools such as the MNA-SF [14],
NRS-2002 [18], MUST [19], and SGA [20] and that priority should be given to repeated
weight measurements over time to identify trajectories of weight loss, maintenance, and
improvement. The importance of recognizing the pace of weight loss in the early stages
of illness or injury has been emphasized in GLIM criteria [17]. One study that focused on
weight change in CR was conducted by Kokura et al. [21]. They reported that in CR patients
with a low body mass index (BMI) at admission, weight gain over the entire hospital stay
up to the time of discharge was associated with improved ADL [21].

As in the case of frailty, molecular biological analysis has been conducted on stroke
patients [22], but many epidemiological studies have also been conducted [23–25]. The
range of overweight not reaching obesity is also considered to be a risk factor for stroke [24],
and it has been shown that there are not a few stroke rehabilitation patients with high
BMI [25]. However, the relationship between weight change in CR and improvement of
ADL at the time of CR discharge in patients with a wide range of BMI has not been clarified
so far. In addition, we have not found any studies that have assessed weight change in the
early stages of CR and examined its relationship with functional recovery.

This study aims to address the clinical question of whether weight maintenance gain
or loss in the early stages of CR in patients with stroke has a positive or negative impact,
respectively, on functional recovery at discharge.

2. Materials and Methods

2.1. Participants and Setting

We conducted a retrospective cohort study in a 47-bed CR ward of our hospital in
Japan. Adult stroke patients admitted to the ward from January 2014 to December 2018
were included in the study. In this ward, the daily program consisted of physical therapy
(PT), occupational therapy (OT), and speech and hearing therapy (ST), with a maximum
of 180 min per day (according to the Japanese health insurance system). On average,
about 150 min were provided per day, including 40–120 min of PT, 40–120 min of OT, and
0–60 min of ST. The training content is the same as in previous literatures [26,27]. Patients
with a hospital stay of fewer than 30 days after cohorting were excluded due to a short
observation period. We excluded patients with a BMI of 30 or higher on admission because
they are treated as obese under the Japanese health insurance system and are offered a diet
aimed at weight loss. Patients with missing data were also excluded.

2.2. Cohorting

Based on the GLIM criteria for weight loss, “unintentional weight loss of >5% within
the past 6 months” [17], the weight at admission was subtracted from the weight on
day N, ~1 month after admission, and then multiplied by 180/N to convert to a change
per 180 days. Patients whose converted decrease was >5% of their original weight were
classified as the weight loss (WL) group and the remaining patients formed the weight
maintenance or gain (WMG) group.
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2.3. Data Collection

Baseline patients’ characteristics and parameters such as age, gender, BMI, stroke type,
number of days between the onset and admission to our rehabilitation ward, serum albumin
level, serum creatinine level, and motor/cognitive functional independence measure (FIM)
scores at admission [28] were obtained from the medical records retrospectively. The
presence of dysphagia was defined by tube feeding or provision of the texture-modified
meal to support the swallowing function. The severity of complications was assessed using
the Charlson comorbidity index (CCI) [29]. Energy intake (EI; kcal) was determined from
the ratio of the patient’s food intake to the food supply recorded visually by the nurse or
dietitian and averaged over the three days prior to cohorting. The ratio of EI and basal
energy expenditure (BEE), calculated from the Harris–Benedict equation [30], was also
recorded for each patient. The number of days spent in the hospital and the rehabilitation
minutes per day during the hospital stay were also recorded.

2.4. Outcome

We adopted the motor FIM [28] gain as the primary outcome of the study. The FIM
consists of 13 motor items and five cognitive items. Each item is rated on a scale of 1–7,
with motor items scored from 13 to 91 and cognitive items scored from 5 to 35. The
motor FIM gain was calculated as the difference in motor FIM score between the discharge
and admission.

2.5. Sample Size Calculation

Statistical software G*power 3 [31] was used for sample size calculation.
Multiple regression analysis using FIM efficiency as the outcome in our previous

study [13] yielded an effect size of f2 = 0.159. Using the effect size of 0.159, significance
level of α = 0.05, power of test 1 − β = 0.9, assuming the number of planned explanatory
variables to be 13, the required sample size was calculated to be 153. Since the number of
patients admitted to our CR ward has ranged from 60 to 90 per year, we decided to obtain
statistics for 5 years by considering the exclusion criteria and missing data.

2.6. Statistical Analysis

Mann–Whitney U test, t test, chi-square test, and Fisher’s exact probability test were
used to compare the two groups, depending on the type of variable. The Shapiro–Wilk test
was performed to assess normality. To examine the association between WMG/WL and
the outcome, we applied multiple regression analysis. To avoid the effects of confounding
variables, additional explanatory variables included age, sex, type of stroke, number of days
since onset, BMI, serum albumin level, serum creatinine level, motor FIM at admission,
CCI, presence of dysphagia, duration of hospital stay, and rehabilitation time per day.
Since EI/BEE was expected to be strongly related to WMG, we performed an additional
multiple regression analysis (Model 2) using EI/BEE instead of WMG. Multicollinearity
was assessed by the variance inflation factor (VIF), and if the VIF value was less than 10, it
was considered that no multicollinearity was observed. The significance level was set at a
p-value < 0.05 and all the analyses were performed using statistical software SPSS Statistics,
version 26 (IBM Japan, Tokyo Japan).

3. Results

Of the 393 patients admitted to the CR ward during the 5-year period, 100 were
excluded from the study, resulting in 293 patients for analysis, divided into the WMG group
(n = 176) and the WL group (n = 117) (Figure 1). Table 1 shows the patient characteristics.
There were significant differences between the two groups in age, number of days from
onset to admission to the convalescent rehabilitation ward, BMI, serum albumin level at
admission, EI, and EI/BEE. The motor FIM gain as the outcome of the study was greater in
the WMG group, but it did not reach statistical significance.
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Eligible patients admitted to the ward (n = 393)

Exclusion criteria (n = 100)

　　　 missing data (n = 32)

　　　 discharge within 60 days (n = 51)

　　　 body mass index ≧30 ㎏ / ㎡ at admission (n = 17)

293 patients in analysis

Figure 1. Study flowchart.

Table 1. Patients’ characteristics.

Total (N = 293) WMG (N = 176) WL (N = 117) p Value

Age, years, median [IQR] 69 [60–78] 70 [61–79] 67 [56–76.5] 0.041 *
Sex: Male, n (%) 178 (60.8) 99 (55.6) 79 (44.4)

0.067 †Female, n (%) 115 (39.2) 77 (67.0) 38 (33.0)
Stroke type

Cerebral infarction, n (%) 151 (51.5) 85 (56.3) 66 (43.7)
0.333 ‡Intracerebral hemorrhage, n (%) 119 (40.6) 75 (63.0) 44 (37.0)

Subarachnoid hemorrhage, n (%) 23 (7.8) 16 (69.6) 7 (30.4)
Days from onset to admission, d,

median [IQR]
36 [27.5–50] 38 [30–51.75] 35 [24–42.5] 0.007 *

Days from admission to cohorting, d,
median [IQR]

28 [21–35] 28 [21.75–35] 28 [21–34] 0.482 *

Serum albumin level on admission,
mg/dL, median [IQR]

3.9 [3.5–4.2] 3.85 [3.4–4.2] 4.1 [3.7–4.3] 0.001 *

Serum creatinine level on admission,
mg/dL, median [IQR]

0.7 [0.6–0.9] 0.7 [0.6–0.9] 0.7 [0.6–0.9] 0.321 *

CCI, median, [IQR] 2 [2–3] 2 [2–3] 2 [2–3] 0.969 *
BMI at admission, kg/m2, mean (SD) 22.1 ± 3.1 21.4 ± 3.0 23.0 ± 2.9 <0.001 §
Low BMI at admission (GLIM criteria

for Asians)
Yes, n, (%) 50 (17.1) 40 (22.7) 10 (8.5)

0.001 †No, n, (%) 243 (82.9) 136 (77.3) 107 (91.5)
BMI at discharge, kg/m2, mean (SD) 21.7 ± 2.7 21.6 ± 2.8 21.8 ± 2.6 0.587 §

Energy intake, kcal/kg BW/day,
mean (SD)

26.5 ± 5.8 28.0 ± 5.8 24.2 ± 5.8 <0.001 §

Protein intake, g/kg BW/day,
median [IQR]

1.12 [0.97–1.28] 1.19 [1.05–1.36] 1.05 [0.92–1.17] <0.001 *

Energy intake/Basal energy expenditure,
median [IQR]

1.26 [1.11–1.38] 1.30 [1.18–1.41] 1.16 [1.00–1.30] <0.001 *

Rehabilitation therapy, min/day,
median [IQR]

137 [120–147] 137 [118–148] 137 [121–146] 0.402 *

FIM score on admission, median [IQR]
Total FIM 73 [49–96.5] 70 [45–92] 78 [53–101] 0.088 *

Motor FIM 49 [28–68.5] 46 [26.25–65] 55 [35–71] 0.073 *
Cognitive FIM 24 [17–30.5] 24 [16–30] 24 [17–31] 0.342 *

Length of hospital stay, days,
median [IQR]

124 [96–158] 130.5 [100–155.75] 120 [92.5–166.5] 0.626 *

FIM gain, median [IQR] 24 [15–37] 25.5 [15–38] 23 [15–36] 0.298 *
Motor FIM gain, median [IQR] 20 [11–30.5] 21 [12–31] 19 [10–27.5] 0.232 *

* Mann–Whitney U test; † Fisher’s exact test; ‡ Chi-square test; § t test; WMG: weight maintenance or gain
group; WL: weight loss group; IQR: interquartile range; SD: standard deviation; CCI: Charlson comorbidity
index; BMI: body mass index; EI/BEE: energy intake (kcal)/Basal energy expenditure (kcal); FIM: functional
independence measure.
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The results of multiple regression analysis with motor FIM gain as the dependent
variable and WMG as an explanatory variable showed that WMG was significantly and
positively associated with motor FIM gain (standardized coefficient = 0.105, p = 0.043, ad-
justed R-square = 0.320). In addition, age, days from onset to admission to the convalescent
rehabilitation ward, motor FIM at admission, CCI, and dysphagia showed significant nega-
tive associations, whereas BMI and hospital stay showed significant positive associations
(Table 2).

Table 2. Multivariate analysis of motor FIM gain (model 1).

Factor Standardized Coefficient p-Value VIF

Age −0.125 0.037 1.526
Sex 0.031 0.590 1.449

Stroke type 0.009 0.878 1.305
Days from onset −0.212 <0.001 1.449

BMI 0.133 0.011 1.142
Serum albumin level on admission, mg/dL 0.059 0.360 1.779

Serum creatinine level on admission, mg/dL −0.027 0.638 1.417
Motor FIM at admission −0.489 <0.001 2.317

CCI −0.126 0.019 1.217
Dysphagia −0.166 0.006 1.552

Length of stay 0.208 <0.001 1.404
Rehabilitation therapy, min/day 0.082 0.119 1.181

WMG 0.106 0.043 1.156

Multiple regression analysis (model 2, Table 3), which included motor FIM gain as the
outcome and EI/BEE instead of WMG as an explanatory variable, showed that EI/BEE was
significantly and positively associated with motor FIM gain (standardized coefficient = 0.169,
p = 0.005, adjusted R-square = 0.329). In both models, no variable had a VIF > 10.

Table 3. Multivariate analysis of motor FIM gain (model 2).

Factor Standardized Coefficient p-Value VIF

Age −0.197 0.003 1.869
Sex 0.018 0.756 1.442

Stroke type 0.008 0.885 1.305
Days from onset −0.208 0.000 1.431

BMI 0.170 0.002 1.284
Serum albumin level on admission, mg/dL 0.037 0.559 1.747

Serum creatinine level on admission, mg/dL −0.021 0.715 1.414
motor FIM at admission −0.521 <0.001 2.374

CCI −0.121 0.024 1.220
Dysphagia −0.142 0.021 1.614

Length of stay 0.194 <0.001 1.420
Rehabilitation therapy, min/day 0.072 0.168 1.190

EI/BEE 0.169 0.005 1.529

4. Discussion

In comparing the two groups, the WMG group had a greater motor FIM gain than
the WL group, but the difference was not statistically significant. However, after adjusting
for confounding factors, such as age, sex, type of stroke, number of days since onset, BMI,
serum albumin level, serum creatinine level, motor FIM at admission, Charlson comorbidity
index, presence of dysphagia, duration of hospital stay, and rehabilitation time per day, in
a multiple regression analysis, WMG showed a significant positive association with motor
FIM gain.

Instead of weight gain during the hospitalization period of convalescent patients in the
previous study [21], our study showed that WMG during the early stage of convalescent
rehabilitation after stroke was associated with better functional recovery. It is also notewor-
thy that the study included not only underweight patients but also patients with a wide
range of body weight, excluding only obese patients who needed weight loss guidance.
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Although it is unknown whether functional outcomes in adults undergoing inpatient stroke
rehabilitation are affected by obesity [25], in this study, BMI was significantly positively
associated with motor FIM gain in the group of patients with a BMI < 30.

Multiple regression analysis (model 2), where EI/BEE was used as an explanatory
variable instead of WMG, revealed that EI/BEE was also significantly positively associated
with motor FIM gain. These results are supported by Nii et al. who reported that nutri-
tional intake in the early stage of admission to a rehabilitation ward is associated with FIM
efficiency [12]. Shimazu et al. reported that frequent individualized nutritional support
was associated with improved nutritional status, physical function, and dysphagia after
stroke, which emphasizes the need for intensive multidisciplinary nutritional support [32].
These findings and the results of our study suggest that in stroke convalescent rehabilita-
tion, frequent nutritional support to maintain or increase weight should be provided by
the team in charge of each patient, ensuring adequate EI by constantly considering the
increased energy expenditure to rehabilitation. In such support, the median EI/BEE of
1.30 in the WMG group could be considered as one of the guidelines for energy supply in
stroke rehabilitation.

Besides being retrospective and single-center study, our study is also limited by the
fact that motor FIM gain was used as the outcome, so functional recovery was only captured
from aspects that can be assessed by motor FIM, and that muscle mass change may be more
strongly associated with motor FIM gain compared with weight change. Although body
weight measurements are more readily available compared with muscle mass measure-
ments, a recent study [33] has shown that muscle mass gain could be positively associated
with functional recovery in patients with sarcopenia after stroke. Future studies should
focus on muscle mass change as well.

5. Conclusions

In conclusion, weight maintenance or gain in patients during the early phase of
hospitalized convalescent rehabilitation after stroke was a predictor of functional recovery
in patients with a BMI of <30. Therefore, nutritional management to prevent weight
loss immediately after the start of convalescent rehabilitation is advised to ensure better
functional recovery in these patients.
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Abstract: SARC-F is a screening tool for sarcopenia; however, it has not yet been established whether
SARC-F scores predict functional outcomes. Therefore, we herein investigated the relationship be-
tween SARC-F scores and functional outcomes in stroke patients. The primary outcome in the present
study was the modified Rankin Scale (mRS) 3 months after stroke. The relationship between SARC-F
scores and poor functional outcomes was examined using a logistic regression analysis. Furthermore,
the applicability of SARC-F scores to the assessment of poor functional outcomes was analyzed based
on the area under the receiver operating curve (ROC). Eighty-one out of the 324 patients enrolled in
the present study (25%) had poor functional outcomes (mRS ≥ 4). The results of the multivariate
analysis revealed a correlation between SARC-F scores (OR = 1.29, 95% CI = 1.05–1.59, p = 0.02) and
poor functional outcomes. A cut-off SARC-F score ≥ 4 had low-to-moderate sensitivity (47.4%) and
high specificity (87.3%). The present results suggest that the measurement of pre-stroke SARC-F
scores is useful for predicting the outcomes of stroke patients.

Keywords: stroke; sarcopenia; SARC-F score; disability; malnutrition risks

1. Introduction

Stroke is one of the leading causes of disability [1], and the primary cause of disability
in stroke patients is brain injury [2]. Stroke increases the risk of sarcopenia [3], which is
a contributing factor to disability in these patients [4]. The prevalence of stroke-related
sarcopenia increases in the elderly and is associated with the poor recovery of activities
of daily living [5,6]. Although sarcopenia may develop in stroke patients, it may also be
present pre-stroke, and has been implicated in poor functional outcomes [7–9].

SARC-F is a screening tool for sarcopenia in elderly subjects [9–12] and predicts the
risk of pre-stroke sarcopenia [9]. A previous study reported that the risk of developing
sarcopenia was elevated in patients with a SARC-F score ≥4 [13]. Since SARC-F has low
sensitivity, but high specificity [11,14], the risk of sarcopenia assessed by SARC-F may be
underestimated [11,14–16]. Another cut-off score was recently reported for predicting the
risk of sarcopenia (SARC-F = 1) [17] and the usefulness of SARC-F for detecting the risk
of frailty or falls has been demonstrated [18,19]. A previous study revealed a relationship
between SARC-F scores and muscle mass [20,21]. Based on these findings, SARC-F scores
may be useful for predicting the risk of pre-stroke sarcopenia and functional outcomes in
stroke patients.

The aim of the present study was to investigate the relationship between pre-stroke
SARC-F scores and functional outcomes in stroke patients. We hypothesized that SARC-F
scores are associated with functional outcomes, even after adjustments for confounding
factors, such as pre-stroke disability or a risk of malnutrition.
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2. Materials and Methods

2.1. Study Design and Participants

This prospective cohort study was conducted between August 2017 and December
2019 and included elderly patients consecutively admitted to Itami Kousei Neurosurgical
Hospital within 48 h of stroke onset. The following patients were enrolled: age ≥ 65 years
and evidence of cerebral infarction or intracerebral hemorrhage on computed tomography
or magnetic resonance imaging. Exclusion criteria were (1) pre-stroke dependent ambula-
tion, (2) patients unable to complete the questionnaire because of impaired consciousness,
cognitive dysfunction, or language disorders, such as aphasia, and (3) the lack of informed
consent. The present study was approved by the Research Ethics Committee of Konan
Women’s University, and all patients provided their informed consent.

2.2. SARC-F

The SARC-F questionnaire, which evaluates the pre-stroke status and has been
adapted for a Japanese population, was completed by patients within 5 days of admission.
It comprises the following components: strength, assistance with walking, rising from
a chair, climbing stairs, and falls [12]. SARC-F scores range between 0 and 10 (0 = best,
10 = worst), with each component receiving 0–2 points.

2.3. Assessment of a Risk of Malnutrition and Comorbidities

The Geriatric Nutritional Risk Index (GNRI) was employed to evaluate the nutritional
status of patients [22], and was calculated as follows: GNRI = (1.489 × serum albumin
[g/dL]) + 103 (41.7 × weight [kg]/ideal body weight). In cases in which weight/ideal
body weight was ≥1.0, the ratio was set to 1. GNRI ≤ 98 kg/m2 was defined as a risk of
malnutrition as previously reported [22].

2.4. Clinical Characteristics

Information was obtained from electronic medical records on the following patient
characteristics: age, sex, height, body weight, body mass index, neurological deficits
evaluated by the National Institutes of Health Stroke Scale (NIHSS) score, stroke type,
lesion laterality, and pre-stroke mRS. Pre-stroke disability was defined as mRS = 2 (slight
disability) or 3 (moderate disability), and no disability as mRS = 0 (no symptoms) or 1 (no
significant disability).

2.5. Main Outcome

The primary outcome of the present study was the modified Rankin Scale (mRS)
evaluated 3 months after stroke from medical records or in a telephone interview. mRS was
scored based on an unstructured direct interview by a physician [23], with 0 = no symptoms,
1 = no significant disability despite the presence of symptoms; capable of performing all of
the usual duties and activities, 2 = slight disability; unable to perform all of the previous
activities, but capable of attending to one’s own affairs without assistance, 3 = moderate
disability; requiring some help, but capable of walking without assistance, 4 = moderately
severe disability; unable to walk or attend to one’s own bodily needs without assistance,
5 = severe disability; bedridden, incontinent, and requiring constant nursing care and
attention, and 6 = dead [24]. A poor outcome was defined as mRS scores 3 months after
stroke of 4–6 [25].

2.6. Statistical Analysis

Data are shown as medians (interquartile range; IQR) and numbers (%) for categorical
data. The unadjusted and adjusted odds ratios (OR) of SARC-F scores and poor functional
outcomes (mRS ≥ 4) were calculated by a logistic regression analysis. Confounding
factors were adjusted for, including age [26], sex [27], NIHSS [28], pre-stroke disability [29],
and malnutrition risk [22,30]. The applicability of SARC-F scores to evaluations of poor
functional outcomes was examined in an analysis of the area under the receiver operating
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curve (ROC). Sensitivity and 1-specificity were calculated from the obtained sensitivity and
specificity, and the point at the maximal value was taken as the optimum cut-off value. The
area under the curve, sensitivity, specificity, and positive and negative predictive values for
SARC-F were analyzed. All statistical analyses were performed using SPSS version 20.0
(SPSS, Inc., Chicago, IL, USA). Differences with p < 0.05 were considered to be significant.

3. Results

During the study period, 643 elderly stroke patients were hospitalized, and 293 were
excluded from the analysis due to admission 48 h after stroke symptom onset (n = 17),
pre-stroke dependent ambulation (n = 74), impaired consciousness (n = 68), cognitive
dysfunction (n = 64), and aphasia (n = 39). Ten patients also refused to participate and 21
did not provide informed consent. Among the 350 patients enrolled, 26 patients refused a
follow-up. Therefore, 324 stroke patients were included in the present study.

Among the patients enrolled, 54 (17%) had pre-stroke disability and 41 (13%) were at
risk of malnutrition. Eighty-one patients (25%) had poor functional outcomes (mRS ≥ 4)
3 months after stroke (Table 1). Table 2 shows the distribution for each SARC-F score in all
patients. Approximately 50% of patients had an SARC-F score of zero.

Based on unadjusted OR, age (OR = 1.06, 95% confidence interval (CI) = 1.02–1.10,
p = 0.007), NIHSS (OR = 1.40, 95% CI = 1.36–1.68, p < 0.001), pre-stroke disability (OR = 5.75,
95% CI = 3.00–10.99, p < 0.001), risk of malnutrition (OR = 3.78, 95% CI = 1.86–7.68,
p < 0.001), and SARC-F scores (OR = 1.44, 95% CI = 1.27–1.64, p < 0.001) correlated with
poor functional outcomes 3 months after stroke.

Table 1. Stroke patient characteristics.

Total Cohort

(n = 324)

Age (years, median (IQR)) 76 (11)
Sex (male/female) 187/137

Body mass index (kg/m2, median [IQR]) 22.5 (4.2)
NIHSS (median [IQR]) 2 (3)

Stroke type (infarction/hemorrhage) 267/57
Lesion side (right/left/both) 161/152/11

Pre-stroke disability (%) 54 (17)
Stroke risk factors (%)

Hypertension 159 (49)
Diabetes 74 (23)

Previous stroke 89 (28)
Hypercholesterolemia 78 (24)
Ischemic heart disease 27 (8)

Atrial fibrillation 27 (8)
Smoking 110 (34)

Risk of malnutrition (%) 41 (13)
mRS 3 months after stroke (%)

0 31 (10)
1 105 (32)
2 58 (18)
3 49 (15)
4 69 (21)
5 10 (3)
6 2 (1)

Poor functional outcome (%) 81 (25)
IQR = interquartile range; NIHSS = National Institutes of Health Stroke Scale; mRS = modified Rankin Scale.
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Table 2. SARC-F scores and their distribution.

Total Cohort

(n = 324)

SARC-F score (median [IQR]) 1 (3)
SARC-F score distribution

score = 0 (%) 158 (49)
score = 1 (%) 44 (13)
score = 2 (%) 31 (10)
score = 3 (%) 30 (9)
score = 4 (%) 30 (9)
score = 5 (%) 14 (4)
score = 6 (%) 2 (1)
score = 7 (%) 5 (2)
score = 8 (%) 7 (2)
score = 9 (%) 3 (1)
score = 10 (%) 0 (0)

IQR = interquartile range.

After adjustments for these factors, NIHSS (OR = 1.56, 95% CI = 1.39–1.76, p < 0.001),
pre-stroke disability (OR = 3.22, 95% CI = 1.11–9.34, p = 0.03), and SARC-F scores (OR = 1.29,
95% CI = 1.05–1.59, p = 0.02) correlated with poor functional outcomes (Table 3).

Table 3. Logistic regression analysis of poor functional outcomes.

Unadjusted Adjusted

Odds Ratio
p-Value

Odds Ratio
p-Value

(95% CI) (95% CI)

Age 1.06
0.007

1.03
0.41(1.02–1.10) (0.97–1.09)

Sex
1.4

0.25
0.73

0.46(0.79–2.48) (0.31–1.69)

NIHSS
1.51

<0.001
1.56

<0.001(1.36–1.68) (1.39–1.76)

Pre-stroke disability 5.75
<0.001

3.22
0.03(3.00–10.99) (1.11–9.34)

Risk of malnutrition
3.78

<0.001
2.5

0.08(1.86–7.68) (0.89–7.06)

SARC-F score
1.44

<0.001
1.29

0.02(1.27–1.64) (1.05–1.59)
CI = confidence interval; NIHSS = National Institutes of Health Stroke Scale.

The results of the ROC curve analysis are shown in Figure 1. An SARC-F cut-off
≥4 had low to moderate sensitivity (47.4%) and high specificity (87.3%) to screen for poor
functional outcomes (positive predictive value = 44.3%, negative predictive value = 88.6%,
AUC = 0.702, 95% Cl = 0.620–0.784).
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Figure 1. Receiver operating characteristic curves of SARC-F scores as an indicator of poor outcomes.

4. Discussion

This prospective cohort study examined the relationship between functional out-
comes and pre-stroke SARC-F scores in stroke patients. The results obtained revealed the
independent effects of pre-stroke SARC-F scores on functional outcomes and also sup-
ported the applicability of an SARC-F score ≥ 4 for predicting poor functional outcomes in
stroke patients.

Previous studies reported a relationship between pre-stroke sarcopenia and poor out-
comes [7–9]; however, these studies did not consider pre-stroke disability as a confounding
factor. Sarcopenia is generally associated with disability [31–33], and pre-stroke disability
has a negative impact on functional outcomes in stroke patients [29,34]. Therefore, the
effects of pre-stroke sarcopenia on physical function need to be interpreted in consideration
of pre-stroke disability. If a patient responds “unable”, the results of SARC-F also need
to be considered as the result of an assessment of disability. However, the present results
demonstrated the independent effects of SARC-F scores on poor functional outcomes even
after adjustments for pre-stroke disability. Therefore, pre-stroke SARC-F scores are useful
not only for sarcopenia screening, but also for predicting poor functional outcomes in
stroke patients.

The cut-off SARC-F score for sarcopenia screening is ≥4; however, a previous study
demonstrated the low sensitivity and high specificity of this score for detecting sarcope-
nia [11,14]. We also investigated whether a cut-off SARC-F score ≥ 4 had low to moderate
sensitivity and high specificity for the screening of poor functional outcomes in stroke
patients. A SARC-F score ≥ 4 was previously associated with poor functional outcomes;
however, this cut-off value was not validated [9]. The present results confirmed the validity
of a SARC-F score ≥ 4 in stroke patients.
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There are a number of limitations that need to be addressed. Younger patients or those
with consciousness disorders, severe cognitive dysfunction, or aphasia were excluded from
the present study. Since severe stroke patients were not enrolled, the present results may
not be applicable to all stroke patients. Furthermore, the present study was conducted in
a small, single-center setting and did not adjust for many confounding factors. Another
limitation is that the impact of SARC-F scores on mortality or long-term outcomes was not
examined. Therefore, further multicenter, large-scale, and long-term studies are needed to
obtain more general and useful results for these patients.

5. Conclusions

Pre-stroke SARC-F scores were associated with poor functional outcomes in stroke
patients even after adjustments for confounding factors, such as pre-stroke disability or a
risk of malnutrition, and a SARC-F score ≥ 4 was suitable for predicting poor outcomes in
these patients. Assessments of the pre-stroke status using SARC-F scores may be useful for
predicting the outcomes of stroke patients.
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Abstract: We conducted a retrospective observational study in 170 older, underweight patients
after stroke to elucidate whether stored energy was associated with gains in body weight (BW) and
skeletal muscle mass (SMM). Energy intake was recorded on admission. The energy requirement
was estimated as actual BW (kg) × 30 (kcal/day), and the stored energy was defined as the energy
intake minus the energy requirement. Body composition was measured by bioelectrical impedance
analysis. The study participants gained an average of 1.0 ± 2.6 kg of BW over a mean hospital stay of
100 ± 42 days with a mean stored energy of 96.2 ± 91.4 kcal per day. They also gained an average
of 0.2 ± 1.6 kg of SMM and 0.5 ± 2.3 kg of fat mass (FM). This means about 9600 kcal were needed
to gain 1 kg of BW. In addition, a 1 kg increase in body weight resulted in a 23.7% increase in SMM
and a 45.8% increase in FM. Multivariate regression analyses showed that the stored energy was
significantly associated with gains in BW and SMM. Aggressive nutrition therapy is important for
improving nutritional status and function in patients with malnutrition and sarcopenia.

Keywords: stored energy; body weight gain; skeletal muscle mass gain; malnutrition; aggressive
rehabilitation nutrition

1. Introduction

Malnutrition is commonly observed in the geriatric population and is associated with
adverse outcomes in geriatric rehabilitation patients. Stroke or hip fracture patients are
often transferred from acute-care hospital wards to convalescent rehabilitation wards, and
these patient groups show a high prevalence of malnutrition and sarcopenia at 49–67% [1,2]
and 40–53% [3,4], respectively. Malnutrition, weight loss, body mass index (BMI) lower
than 20 kg/m2, sarcopenia, and reduced nutritional intake are established independent
factors that negatively influence functional recovery in older inpatients [5–7]. The goal of
geriatric rehabilitation is to promote functional recovery and thereby allow hospitalized
patients to return to their homes. Therefore, it is important to improve the nutritional status
and sarcopenia in older rehabilitation patients to maximize favorable outcomes.

Aggressive nutrition therapy improves the outcomes of older hospitalized patients [8–10].
Weight gain and muscle mass gain during hospitalization have a positive effect on activities
of daily living (ADL) in these patients [11,12]. In older patients with low BMI or sarcopenia,
daily energy expenditure and energy stores need to be considered in terms of energy needs.
Energy expenditure in healthy individuals consists of resting metabolic rate, diet-induced
thermogenesis, and energy expenditure related to activity and illness. On the other hand, for
patients who are malnourished and for those with sarcopenia, energy requirements need to be
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estimated by adding stored energy for the restoration of lean body mass [8]. To gain 1 kg of
body weight (BW), individuals aged 10–40 years need 7500 kcal [13,14].

However, there is a lack of evidence on the relationship between stored energy and
weight gain and skeletal muscle mass (SMM) gain in geriatric rehabilitation patients. Hence,
we conducted a retrospective cohort study to determine whether the stored energy intake
was associated with gains in BW and SMM, as well as how much energy was needed to
gain 1 kg of BW in older patients with low BW undergoing convalescent rehabilitation
after stroke.

2. Materials and Methods

2.1. Study Design and Participants

We conducted a retrospective cohort study at a post-acute care hospital, which in-
cluded convalescent rehabilitation wards with a total of 135 beds [15]. The study was
conducted between January 2016 and December 2020 and included all stroke patients
newly admitted to the wards who were over 70 years old and had a BMI of less than
20.0 kg/m2 [16]. Patients were excluded from this study if they refused to participate,
had incomplete data, or had edema of the extremities, pleural or ascites fluid, or altered
consciousness. The observation period lasted from the date of admission to the date of
discharge.

2.2. Data Collection

The baseline patient demographic characteristics were recorded upon admission,
including age, sex, body mass index, stroke type, stroke history, days from stroke onset to
admission [17]; nutritional status, assessed using the Mini Nutritional Assessment-Short
Form (MNA-SF) [18]; swallowing status, assessed using the Food Intake Level Scale (FILS)
and presence of dysphagia requiring supplemental feeding defined by the FILS scores
<7 [19]; comorbidities, assessed using the Charlson Comorbidity Index (CCI) [20]; and
premorbid ADL, assessed using the modified Rankin Scale (mRS) [21]. Information was
collected on the presence of paralysis and localization and stage of paralysis according to
the Brunnstrom recovery stages (BRS) [22]. Blood sampling data on admission, including
albumin, hemoglobin, and C-reactive protein levels were recorded. The number of drugs
prescribed at the time of admission was recorded. Data on the total rehabilitation therapy
received during hospitalization (units per day, 1 unit = 20 min of therapy) were extracted
from medical records.

Within 72 h of admission, bioelectrical impedance analysis (BIA) data of the SMM and
fat mass (FM), hand grip strength (HG), and functional independence measure (FIM) scores
for physical and cognitive function (FIM-motor and FIM-cognitive) [23] were obtained.
FIM gain was calculated by subtracting the FIM score at discharge from the FIM score at
admission. The BIA measurements were carried out using the latest version of a validated
instrument (InBody S10: InBody, Tokyo, Japan) and following a standard protocol explained
elsewhere [24]. SMM and FM each were divided by the square of height (m) and indexed
as the skeletal muscle mass index (SMI) and fat mass index (FMI). HG was measured
using the Smedley hand dynamometer (TTM, Tokyo, Japan) in the non-dominant hand
(or in case of hemiparesis, in the non-paralyzed hand), with the patient in the standing
or seated position (depending on their ability) and with their arms relaxed at their side;
measurements were taken three times, and the highest value was recorded. Sarcopenia
was diagnosed when both the SMI and HG values were low, in accordance with the Asian
Working Group for Sarcopenia criteria 2019 [25].

2.3. Stored Energy and Nutritional Intakes

Energy and protein intakes were calculated by a nurse or dietitian who visually
assessed the ratio of intake to the amount provided to the patient. The intake from three
servings each of breakfast, lunch, and dinner (a total of nine servings) was recorded [26],
and the average of each value divided by three was used as the daily intake. In the case
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of enteral (EN) and parenteral nutrition (PN), the energy and protein doses for the first
72 h of hospitalization were recorded, and the respective values divided by 3 were used
as daily intake. If oral intake was combined with EN or PN, the respective energy and
protein intake (administered) were added up. In addition, nutrient intake was calculated
by dividing each intake by the actual body weight on admission. Nutritional intake was
recorded at admission and at discharge.

The energy requirement for older patients undergoing stroke rehabilitation was esti-
mated as actual BW (kg) × 30 (kcal/day) [8,27], and the stored energy was defined as the
energy intake minus the energy requirement. According to the stored energy on admis-
sion, patients were divided into two groups: those whose stored energy was greater than
0 kcal/day and those whose stored energy was less than 0 kcal/day.

2.4. Outcomes

The primary outcome was BW gain, which was defined as the change in BW during
hospitalization (BW at discharge—BW at admission). The secondary outcome was SMM
gain, which was defined as the change in SMM during hospitalization (SMM at discharge—
SMM at admission).

2.5. Convalescent Rehabilitation

The convalescent rehabilitation program (up to 3 h per day) was performed according
to the guidelines of the National Health Insurance System. The program was tailored to suit
the functional abilities and disabilities of the patient, such as physical therapy including
paralyzed limb facilitation (for leg paralysis), range of motion exercises, basic movement
training (mainly for the legs), walking training, resistance training (such as chair-stand
exercises [28]), and ADL training [29].

For nutritional management, nutritional screening and nutritional assessment were
conducted for all patients, and under the guidance of the dietitians and nutrition support
team, active nutritional support was provided, including high-energy and/or high-protein
meals. In addition, nutrition management was tailored to each patient’s condition and
nutritional needs by adjusting energy and protein according to changes in rehabilitation
time and load [30].

Dysphagia rehabilitation was customized to the patients’ swallowing abilities and
function, and included oral management and exercise, indirect (without food) and direct
(with food) exercises, and diet modification through multi-occupational collaboration with
speech and swallowing therapists, dental hygienists, and ward staff [31].

Oral management included oral screening, assessment, education, counseling, treat-
ment (oral care), oral and dysphagia rehabilitation, medical treatment by a dentist, and
practicing in cooperation with a multidisciplinary team [31]. Ward dental hygienists
conducted oral and dysphagia rehabilitation, including indirect and direct (oral intake)
exercises at the patient’s bedside [32].

Medication management was carried out by multidisciplinary teams, including phar-
macists. Pharmacotherapy is one of the factors that affect the nutritional state of older
people. Polypharmacy and inappropriate medications were corrected, and medications
that could affect nutritional status were managed throughout the hospital stay [33].

2.6. Sample Size Calculation

The sample size for statistical power was calculated by using data from our previous
study [34], and the results showed that the BW of patients at hospital admission was
normally distributed with a standard deviation (SD) of 8.0. If the true difference between
the mean values of BW at discharge of patients with more and less stored energy is 4.0, a
sample size of at least 64 participants would be required in each group to reject the null
hypothesis with a power of 0.8 and an alpha error of 0.05, and this would support the
validity of our results.
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2.7. Statistical Analysis

The values were reported as the mean (SD) for parametric data or as the median
(interquartile range; IQR) and numbers (%) for non-parametric and categorical data, re-
spectively. In the univariate analyses, the patients were stratified according to the intake of
stored energy (with or without stored energy). Comparisons between groups were made
using the t-test, Mann-Whitney U test, and chi-square test, as suitable.

Multiple linear regression analysis was carried out to determine whether the stored
energy was independently associated with the study outcomes, including BW gain and
SMM gain during hospitalization. The covariates of age, sex, length of hospital stay, BRS
of the lower limb, FIM-motor and FIM-cognitive scores at admission, total rehabilitation
therapy (units/day), energy intake at baseline, FMI and SMI on admission, and stroke type,
all of which are considered to be confounding factors affecting BW gain, were included in
the model. Multicollinearity was assessed using the variance inflation factor (VIF): a VIF
value of 1–10 indicated the absence of multicollinearity. Statistical significance was set at
p-values of <0.05. All analyses were conducted using IBM SPSS version 21 (Armonk, NY,
USA).

2.8. Ethics

This study was approved by the Institutional Review Board (approval no.: 169-210617)
of the hospital where the study was conducted. Written informed consent could not be
obtained because of the constraints imposed by the retrospective study design, although
the participants could withdraw from this study at any time by using an opt-out procedure.
This study was conducted in accordance with the Declaration of Helsinki and ethical
guidelines for medical and health research involving human subjects.

3. Results

During the study period, a total of 843 stroke patients were newly admitted to the
hospital. Patients with missing data (n = 22) and altered consciousness (n = 8) were
excluded. Data from 813 patients were considered for inclusion in the study. Among
them, patients aged 70 years or younger (n = 418) and those with BMI ≥ 20 (n = 583) were
excluded. Finally, 170 patients who were over 70 years of age and had a BMI of <20.0 were
included in the analysis (Figure 1).

＝

Figure 1. Flowchart of participant screening, inclusion criteria, and follow-up.
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The patients’ baseline characteristics are presented in Table 1. The mean age was
83.1 ± 6.2 years; 52% of the patients were male. The median BW and SMM were 41.6 kg
(IQR: 38.2–44.1) and 10.9 kg (IQR: 8.8–13.2), respectively. The median MNA-SF was 4 (IQR:
3–6), suggesting that a large population of the patients was malnourished. The median
FIM-motor and FIM-cognitive scores were 32 (IQR: 14–58) and 17 (IQR: 10–25), respectively,
suggesting that a large proportion of patients was physically dependent at the baseline.
Sarcopenia was observed in 84.7% of the patients (n = 144), with a median HG of 12.5 kg
(IQR: 5.6–17.8) and SMI of 4.9 kg/m2 (IQR: 4.0–5.7).

Table 1. Baseline patient characteristics and between-group characteristics of patients with and without stored energy
intake.

Total (n = 170)

Patient without Stored
Energy

Patient with Stored
Energy p

(n = 56) (n = 114)

Age, y, mean (SD) 83.1 (6.2) 84.9 (6.4) 82.1 (5.9) 0.005
Sex (male), n (%) 52 (30.6) 22 (39.3) 30 (26.3) 0.111
Stroke type, n (%)
Cerebral infarction 114 (67.1) 46 (82.1) 68 (59.6) 0.506

Cerebral hemorrhage 42 (24.7) 8 (14.3) 34 (29.8) 0.037
SAH 12 (7.1) 0 (0.0) 12 (10.5) 0.009

Stroke history, n (%) 46 (27.1) 18 (32.1) 28 (24.6) 0.359
Pre-stroke mRS, score, median (IQR) 1 (0,3) 0 (0,3] 1 (0,2) 0.876

Onset-admission days 12 (9,19) 12 (10,15) 14 (9,24) 0.291
Paralysis, n (%)

Right/Left/Both 64 (37.6)/76 (44.7)/8 (4.7) 22 (39.3)/26 (46.4)/2 (3.6) 42 (36.8)/50 (43.9)/6 (5.3) 0.866
BRS, median (IQR) 5 (2,6) 3 (1,5) 5 (3,5)

Upper limb 5 (2,6) 2 (1,5) 5 (3,5) 0.001
Hand-finger 5 (2,6) 3 (1,5) 5 (3,5) <0.001
Lower limb 0.014

FIM, score, median (IQR)
Total 49 (25,84) 39 (22,69) 59 (26,86) 0.034

Motor 32 (14,58) 20 (13,53) 37 (15,59) 0.033
Cognitive 17 (10,25) 16 (8,25) 18 (11,26) 0.232

Swallowing status
FILS, score, median (IQR) 7 (6,9) 7 (2,7) 7 (7,9) 0.004

Dysphagia, n (%) 44 (25.9) 22 (39.3) 22 (19.3) 0.009
CCI, median (IQR) 3 (2,4) 3 (2,4) 3 (2,4) 0.687

MNA-SF, median (IQR) 4 (3,6) 3 (2,6) 4 (3,6) 0.047
Body composition, median (IQR]

BW, kg 41.0 (38.2, 44.1) 43.6 (40.9, 47.5) 39.8 (38.0, 42.2) <0.001
BMI, kg/m2 18.3 (16.7, 19.3) 18.4 (17.4, 19.4) 18.3 (16.5, 19.2) 0.268

SMM, kg 10.9 (8.8, 13.2) 12.6 (9.4, 15.1) 10.1 (8.8, 12.2) <0.001
SMI, kg/m2 4.9 (4.0, 5.7) 5.2 (4.1, 6.1) 4.6 (4.0, 5.3) 0.002

FM, kg 9.8 (8.0, 13.5) 11.1 (8.3, 15.1) 9.5 (7.2, 12.9) 0.021
FMI, kg/m2 4.3 (3.3, 6.2) 4.4 (3.3, 6.5) 4.2 (3.2, 6.0) 0.295

HG, kg, median (IQR) 12.5 (5.6, 17.8) 14.4 (4.5, 20.6) 12.3 (6.0, 15.1) 0.199
Sarcopenia, n (%) 144 (84.7) 46 (82.1) 98 (86.0) 0.506

Total drug number, median (IQR) 5 (3, 8) 6 (4, 8) 5 (3, 7) 0.032
Laboratory data, mean (SD)

Albumin, g/dL 3.28 (0.46) 3.3 (0.3) 3.3 (0.4) 0.503
Hemoglobin, g/dL 12.12 (1.40) 12.3 (1.4) 12.0 (1.3) 0.167

C-reactive protein, mg/dL 1.8 (2.7) 1.9 (2.4) 1.6 (2.9) 0.447

BMI, body mass index; BRS, Brunnstrom Recovery Stage; BW, body weight; CCI, Charlson’s Comorbidity Index; FILS, Food Intake Level
Scale; FIM, Functional Independence Measure; FM, fat mass; FMI, fat mass index; HG, handgrip strength; MNA-SF, Mini Nutritional
Assessment-Short Form; mRS, modified Rankin Scale; SAH, subarachnoid hemorrhage; SMI, skeletal muscle mass index; SMM, skeletal
muscle mass.

Overall, the study patients gained an average of 1.0 ± 2.6 kg of BW over a mean
hospital stay of 100.2 ± 42.3 days, with a mean stored energy intake of 96.2 ± 91.4 kcal
per day. They also gained an average of 0.2 ± 1.6 kg of SMM and 0.5 ± 2.3 kg of FM,
respectively. This means that it took about 9600 kcal (9614.2) for the patient to gain 1 kg of
BW (mean stored energy per day [96.2] × mean number of days in hospital [100.2]/mean
BW increase [1.0]). In addition, a 1 kg increase in body weight resulted in a 23.7% increase
in SMM (mean SMM increase ÷ mean BW increase × 100) and a 45.8% increase in FM
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(mean FM increase ÷ mean BW increase × 100). Table 2 shows a two-group comparison of
the nutritional profiles of patients with and without stored energy intake by stroke type.
Except for patients with subarachnoid hemorrhage (SAH), patients with stored energy
intake of more than 0 kcal/day consumed more energy and protein on admission and
at discharge than those with stored energy intake of less than 0 kcal/day. All patients
with SAH were supplemented with stored energy. In the univariate analysis, there was no
difference in BW gain or SMM gain between the two groups.

Table 2. Univariate analyses for outcomes between groups of patients with and without stored energy intake by stroke type.

Cerebral Infarction Cerebral Hemorrhage Subarachnoid Hemorrhage

without Stored Energy with Stored Energy p without Stored Energy with Stored Energy p without Stored Energy with Stored Energy p
(n = 46) (n = 68) (n = 8) (n = 34) (n = 0) (n = 12)

Energy intake
On admission, 28.0 (26.0, 29.7) 35.3 (33.4, 37.9) <0.001 28.4 (25.9, 29.0) 35.0 (31.5, 40.6) <0.001 − 31.6 (31.1, 39.2) −

kcal/kg/day
On admission, 1200 (1200, 1200) 1400 (1400, 1400) <0.001 1350 (1125, 1525) 1400 (1200, 1600) 0.426 − 1300 (1200, 1500) −

kcal/day
Set energy, 1299 (1208, 1410) 1205 (1101, 1263) <0.001 1449 (1323, 1575) 1170 (1140, 1323) 0.005 − 1158 (1150, 1240) −

kcal/kg/day
Stored energy, −126 (–214, –64) 195 (140, 299) −76 (176, –50) 200 (60, 308) − 67 (46, 262) −

kcal/day
On discharge, 31.4 (26.7, 38.3) 36.7 (35.4, 40.8) <0.001 30.7(27.4, 34.4) 39.0 (34.7, 42.4) 0.001 − 32.8 (29.5, 38.4) −

kcal/kg/day
Protein intake

g/kg/day
On admission 1.1 (1.0, 1.2) 1.3 (1.2, 1.5) <0.001 1.2 (1.1, 1.3) 1.3 (1.1, 1.5) 0.158 − 1.3 (1.1, 1.6) −

On discharge 1.1 (1.0, 1.1) 1.3 (1.1, 1.4) <0.001 1.2 (1.1, 1.2) 1.2 (1.1, 1.4) 0.001 − 1.2 (1.0, 1.6) −

Change in BC
kg
BW 0.6 (0.0, 2.8) 0.3 (−0.9, 2.5) 0.101 −0.3 (−1.2, 0.7) 1.3 (−0.1, 3.0) 0.123 − 1.6 (0.5, 2.9) −

SMM 0.3 (−0.1, 0.5) 0.3 (−0.4, 0.7) 0.947 −0.1 (−0.4, 0.0) 0.3 (0.1, 1.5) 0.002 − 0.7 (0.3, 1.8) −

FM 1.1 (−1.2, 1.9) 0.5 (−1.0, 1.7) 0.721 −0.5 (−1.4, −0.0) 0.2 (−1.0, 0.8) 0.229 − 1.3 (−0.5, 2.8) −

Changes in HG
0.1 (−1.5, 3.1) 1.3 (0.0, 5.1) 0.146 3.6 (−1.8, 4.3) 3.5 (0.0, 7.5) 0.503 − 2.2 (0.5, 6.3) −kg

FIM gain
total 21 (8, 34) 23 (16, 37) 0.337 38 (16, 57) 31 (5, 53) 0.247 − 27 (1, 29) −

motor 19 (3, 29) 19 (12, 27) 0.495 30 (13, 48) 29 (3, 42) 0.248 − 19 (1, 23) −

cognitive 3 (1, 6) 5 (2, 7) 0.182 5 (3, 7) 4 (0, 7) 0.244 − 6 (1, 9) −

FILS on
8 (7, 10) 9 (7, 10) 0.418 9 (8, 9) 9 (7, 10) 0.84 − 8 (5, 9) −discharge

Length of stay,
94 (68, 134) 83 (57, 124) 0.636 148 (136, 159) 91 (76, 118) 0.001 − 114 (58, 174) −day

Rehabilitation
8 (7, 8) 8 (7, 8) 0.331 8 (8, 8) 8 (7, 8) 0.129 − 7 (5, 8) −units/day

BC, body composition; BW, body weight; FILS, Food Intake Level Scale; FIM, Functional Independence Measure; FM, fat mass; HG,
handgrip strength; SMM, skeletal muscle mass.

In the multivariate linear regression analysis, the stored energy intake was signifi-
cantly and positively associated with BW gain during hospitalization (β = 0.256, p = 0.005)
after adjusting for potential confounders, including age, sex, baseline energy intake, FMI
and SMI (Table 3). Moreover, the stored energy intake was significantly and positively
associated with SMM gain during hospitalization (β = 0.263, p = 0.011) in the same analysis
model (Table 4).

Table 3. Multivariate regression analysis for BW gain during hospitalization.

B (95% CI) SE β p

Age, y −0.036 (−0.109, 0.036) 0.037 −0.091 0.326
Sex (male) 0.466 (−0.508, 1.440) 0.493 0.087 0.346

Length of stay, day 0.011 (0.000, 0.023) 0.006 0.193 0.052
BRS-Lower limb −0.160 (−0.406, 0.085) 0.124 −0.130 0.199

FIM-motor on admission −0.021 (−0.055, 0.014) 0.017 −0.179 0.233
FIM-cognitive on admission −0.029 (−0.094, 0.036) 0.033 −0.101 0.382

HG on admission, kg 0.132 (0.063, 0.201) 0.035 0.452 <0.001
Rehabilitation, units/day −0.526 (−0.848, −0.204) 0.163 −0.275 0.002
Stored energy, kcal/day 0.003 (0.001, 0.005) 0.001 0.256 0.005

FMI on admission, kg/cm2 0.298 (0.069, 0.527) 0.116 0.227 0.011
SMI on admission, kg/cm2 −0.142 (−0.628, 0.344) 0.246 −0.064 0.564

Stroke type
Cerebral infarction 0.035 (−1.387, 1.457) 0.72 0.007 0.961

Cerebral hemorrhage −0.115 (−1.676, 1.445) 0.79 −0.020 0.884
SAH (control) − − − −

BRS, Brunnstrom Recovery Stage; BW, body weight; FIM, Functional Independence Measure; FMI, fat mass index;
HG, handgrip strength; SAH, subarachnoid hemorrhage; SMI, skeletal muscle mass index.

34



Nutrients 2021, 13, 3274

Table 4. Multivariate regression analysis for SMM gain during hospitalization.

B (95% CI) SE β p Value

Age, y −0.045 (−0.105, 0.015) 0.03 −0.160 0.136
Sex (male) 0.576 (−0.056, 1.208) 0.318 0.166 0.074

Length of stay, day −0.002 (−0.010, 0.007) 0.004 −0.047 0.676
BRS-Lower limb 0.074 (−0.109, 0.258) 0.092 0.09 0.424

FIM-motor on admission −0.008 (−0.035, 0.019) 0.014 −0.111 0.55
FIM-cognitive on admission −0.004 (−0.053, 0.046) 0.025 −0.020 0.881

HG on admission, kg 0.095 (0.036, 0.155) 0.03 0.478 0.002
Rehabilitation, units/day −0.196 (−0.405, 0.014) 0.105 −0.168 0.066
Stored energy, kcal/day 0.002 (0.000, 0.004) 0.001 0.263 0.011

FMI on admission, kg/cm2 0.034 (−0.141, 0.209) 0.088 0.038 0.702
SMI on admission, kg/cm2 −1.275 (−1.628, −0.922) 0.178 −0.871 <0.001

Stroke type
Cerebral infarction −0.518 (−1.485, 0.448) 0.487 −0.150 0.29

Cerebral hemorrhage −0.347 (−1.444, 0.749) 0.552 −0.090 0.531
SAH (control) − − − −

BRS, Brunnstrom Recovery Stage; BW, body weight; FIM, Functional Independence Measure; FMI, fat mass index;
HG, handgrip strength; SAH, subarachnoid hemorrhage; SMI, skeletal muscle mass index.

4. Discussion

In this study, we determined whether stored energy intake was associated with gains
in BW and SMM during hospitalization in older, underweight, post-stroke rehabilitation
patients, and highlight two important findings: (1) Stored energy intake was associated
with gain in BW and SMM, and (2) it took about 9600 kcal to gain 1 kg of body weight in
these patients.

Stored energy intake was associated with gain in weight and muscle mass during
hospitalization in geriatric rehabilitation after stroke. The results of the univariate analysis
showed differences by stroke type, but the small sample size of 12 patients with SAH
might have affected the results. On the other hand, since we adjusted for stroke type
in the multivariate analysis, we consider that the effect of stroke type on the results was
controlled. Considering the fact that weight gain and increased muscle mass have a positive
impact on the ADLs of these patients [11,12], our findings suggest the need for enhanced
nutritional management for older rehabilitation patients with low body weight. However,
strong evidence exists that a large proportion of stroke patients do not even meet their
estimated energy requirement both in hospital and after discharge [35]. An increase in
energy demand related to rehabilitation, chronic diseases, and improvement of sarcopenia
and malnutrition would likely result in negative energy balance in geriatric rehabilitation.
Therefore, it is important to ensure the provision of individualized stored energy for weight
gain in addition to energy requirements, while energy calculations should take into account
post-stroke paralysis, muscle spasticity, physical disabilities, nutritional status, and age
and sex in geriatric rehabilitation after stroke. Furthermore, attention also needs to be paid
to medications that are often prescribed to post-stroke patients. For example, statins are
myotoxic and have been suggested to be associated with the progression of sarcopenia [36].
On the other hand, there is evidence that statin use reduces the incidence of sarcopenia, so
if a patient is a good candidate for statin use, it is necessary to take care of myopathy and
sarcopenia while using statins [37].

To increase 1 kg of BW, about 9600 kcal were required for older rehabilitation patients
who were underweight. Positive energy balance is necessary for growth, wound healing,
and muscle gain, but increased intake of energy or prolonged intake can lead to overweight
and obesity [14]. Therefore, specific numerical evidence is needed for nutritional planning
so as to achieve a positive energy balance that can promote weight gain in underweight
patients. In the literature, to gain 1 kg of lean body mass, individuals aged 10–40 years
needed 7500 kcal [13,14], while older individuals needed 8800–22,600 kcal [38]. The diver-
sity of energy requirements for weight gain probably depends on the subject’s background,
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including age; sex; nutritional status; changes in body composition; the type, intensity,
and duration of rehabilitation and exercise; presence of systemic inflammation; and co-
morbidities. In this study, we estimated the stored energy for weight gain in lower-weight
older patients undergoing stroke rehabilitation. We expect this estimate to help improve
the nutritional status of older patients in daily clinical practice. However, further studies
are needed to validate our result.

Ensuring that underweight older patients obtain the required level of stored energy is
a practical nutritional management. This may also be true for underweight older patients
in general, not just stroke patients. Aggressive rehabilitation nutrition improves nutritional
and functional outcomes in patients with malnutrition and sarcopenia [8]. Malnutrition and
sarcopenia negatively affect functional recovery and ADL, while nutrition improvement,
including weight gain and muscle mass gain, is positively associated with functional
recovery [11,12]. Aggressive nutrition therapy described here is characterized by the
setting of energy requirements based on the amount energy expenditure per day plus
stored energy. This is not the same as enhanced nutrition therapy and instead focuses on
improving malnutrition and sarcopenia. Moreover, rehabilitation nutrition care process
suggests that aggressive nutrition therapy should be performed in combination with
aggressive exercise therapy [39]. Medication is another factor that can affect the nutritional
status in older patients undergoing rehabilitation. Since some of the most important drugs
that affect nutritional status are those that cause anorexia, rehabilitation pharmacotherapy
should be practiced [33]. Therefore, it is necessary to reconcile the rehabilitation goal
setting, the content, quantity, and quality of physical activity and exercise therapy, and the
patient’s general condition to set nutrition goals through multidisciplinary collaboration.

This study had some limitations. First, the daily stored energy intake was based
on estimates at the time of admission and not on weight change over the course of the
hospital stay. This could be a major limitation of this study, as energy adjustments are
made as appropriate for weight changes over time in daily clinical practice. Moreover,
determination of energy requirements by indirect calorimetry over time would provide
more accurate estimates than those used in this study. Further, this study involved a single
rehabilitation hospital in Japan, possibly limiting the generalizability of the findings. In
addition, there was a selection bias in that the subjects were older hospitalized patients
with low body weight. Future multicenter studies are needed to determine whether similar
results can be obtained in diverse populations, especially by stroke type. Lastly, due to its
retrospective study design, we were unable to obtain detailed information on nutritional
therapy during hospitalization, possibly affecting the results. High-quality prospective
studies adjusted for confounders are needed in the future.

5. Conclusions

Stored energy intake was associated with weight gain and muscle mass gain in under-
weight older patients undergoing stroke rehabilitation. Further, it took about 9600 kcal to
gain 1 kg of body weight in these patients. Aggressive nutrition therapy is important for
improving nutritional status and function in patients with malnutrition and sarcopenia.
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Abstract: Background: Comorbidity is common and causes poor stroke outcomes. We aimed
to examine the modifying impacts of physical activity (PA) and diet quality on the association
between comorbidity and disability in stroke patients. Methods: A cross-sectional study was
conducted on 951 stable stroke patients in Vietnam from December 2019 to December 2020. The
survey questionnaires were administered to assess patients’ characteristics, clinical parameters
(e.g., Charlson Comorbidity Index items), health-related behaviors (e.g., PA using the International
Physical Activity Questionnaire- short version), health literacy, diet quality (using the Dietary
Approaches to Stop Hypertension Quality (DASH-Q) questionnaire), and disability (using the World
Health Organization Disability Assessment Schedule II (WHODAS II)). Linear regression models
were used to analyze the associations and interactions. Results: The proportion of comorbidity
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was 49.9% (475/951). The scores of DASH-Q and WHODAS II were 29.2 ± 11.8, 32.3 ± 13.5,
respectively. Patients with comorbidity had a higher score of disability (regression coefficient, B, 8.24;
95% confidence interval, 95%CI, 6.66, 9.83; p < 0.001) as compared with those without comorbidity.
Patients with comorbidity and higher tertiles of PA (B, −4.65 to −5.48; p < 0.05), and a higher DASH-Q
score (B, −0.32; p < 0.001) had a lower disability score, as compared with those without comorbidity
and the lowest tertile of PA, and the lowest score of DASH-Q, respectively. Conclusions: Physical
activity and diet quality significantly modified the negative impact of comorbidity on disability in
stroke patients. Strategic approaches are required to promote physical activity and healthy diet which
further improve stroke rehabilitation outcomes.

Keywords: stroke patient; Charlson Comorbidity Index; World Health Organization Disability As-
sessment Schedule II; international physical activity questionnaire; Dietary Approaches to Stop
Hypertension Quality; health literacy; International Classification of Diseases; health-related behav-
iors; Vietnam

1. Introduction

Stroke is a major cause of disability and mortality across the globe [1]. In 2013, there
were 113 million disability-adjusted life years, and 6.5 million deaths [2]. In Vietnam, the
intracerebral hemorrhage stroke prevalence was as high as that in high-income countries [3].
Stroke and its consequences impose a heavy burden on individuals, the healthcare system,
and society in Vietnam and the world [4–6].

The risk factors of stroke could be attributed to about 90% modifiable risks, includ-
ing hypertension, obesity, hyperglycemia, hyperlipidemia, and renal dysfunction [6,7].
Comorbid conditions (or modifiable risks) are common in stroke patients [8,9]. They are
predictors of hospital stay, costs, and mortality [10], increase the disability levels [11], and
worsen functional outcomes after stroke [12].

Multidisciplinary and multilevel prevention strategies were suggested to prevent
stroke. Among those, adequate nutrition, salt reduction, and other dietary interventions
are effective strategies for primordial and primary prevention [13]. The longitudinal effect
of diet quality (assessed by the Dietary Approaches to Stop Hypertension, or DASH diet)
on cardiovascular diseases (CVD), including stroke, was summarized in a meta-analysis
of prospective studies [14]. The relationship between diet quality and risk of stroke was
also found in a previous large cohort study in European countries [15,16], Taiwan [17],
and Hong Kong [18]. The key health behaviors (e.g., diet, physical activity) significantly
contribute to cardiovascular conditions (including stroke and other heart and circulatory
diseases) [7,19].

The roles of health-related behavioral factors (e.g., physical activity and dietary intake)
on stroke prevention were investigated [6,7,19]. However, the modification effects of
these factors remain to be explored. It is necessary to explore the potential impacts of
health-related behaviors which may modify the negative effects of comorbidity on physical
function after stroke. Therefore, we aimed to investigate the modifying impacts of physical
activity and diet quality on the relationship between comorbidity and disability among
stroke patients.

2. Materials and Methods

2.1. Study Design and Settings

A cross-sectional study design was used to survey stroke patients between December
2019 and December 2020 in four hospitals in the northern area, one hospital in the central
area, and one hospital in the southern area of Vietnam.

40



Nutrients 2021, 13, 1641

2.2. Sampling and Sample Size

We used the consecutively convenient sampling technique to recruit patients from
cardiovascular, neurology, and rehabilitation departments of selected hospitals. Data of
951 patients were collected from Bach Mai Hospital (11 from the cardiovascular depart-
ment, 131 from the neurology department, 27 from the rehabilitation center), Military
Hospital 103 (293 from the stroke department), Viet Tiep Friendship Hospital (197 from the
neurology department), Thai Nguyen National Hospital (197 from the neurology depart-
ment), Hue University Hospital (45 from the cardiovascular department), and Thu Duc
District Hospital (50 from the neurology department).

Patients recruited were those aged ≥ 18 years, in a stable stroke condition diagnosed
by a neurologist (e.g., a Mini-Mental State Examination score of ≥22), with the ability to
respond to questions. Patients excluded were those with aphasia or visual impairment, or
those with diseases that affect cognition (e.g., dementia). Stroke or cerebrovascular disease
was defined by the 10th revision of the International Classification of Diseases (ICD-10)
codes I60–69; including (I60) Subarachnoid hemorrhage; (I61) Intracerebral hemorrhage;
(I62) Other non-traumatic intracranial hemorrhages; (I63) Cerebral infarction; (I64) Stroke,
not specified as hemorrhage or infarction; (I65) Occlusion and stenosis of pre-cerebral arter-
ies, not resulting in cerebral infarction; (I66) Occlusion and stenosis of cerebral arteries, not
resulting in cerebral infarction; (I67) Other cerebrovascular diseases; (I68) Cerebrovascular
disorders in diseases classified elsewhere; and (I69) Sequelae of cerebrovascular disease.

2.3. Measurements

2.3.1. Patients’ Characteristics

Participants were asked about their age (years), gender (women vs. men), educa-
tion attainment (illiterate/elementary school level, junior high school level, senior high
school level, college/university level and above), marital status (married vs. single or
separated/divorced/widowed), occupation (working vs. retired or infirmity), ability to
pay for medication (very or fairly difficult vs. very or fairly easy), and their social status
level (low vs. middle or high).

2.3.2. Health-Related Behaviors

Patients were asked about their current behaviors, regarding the status of smoking
(never vs. ever smoked), drinking alcohol (no vs. yes).

The International Physical Activity Questionnaire short version (IPAQ-SF) was used
for assessing physical activity (PA) level [20]. Patients reported their time spent on different
PA types over the last seven days. The IPAQ was validated and used in the Vietnamese
population [21]. The overall PA score was calculated by multiplying minutes spent on
activities at different levels including vigorous, moderate, walking, and sitting by 8.0, 4.0,
3.3, or 1.0, respectively [20]. The metabolic equivalent task scored in minutes per week
(MET-min/wk) was used as the measuring unit of PA [22].

2.3.3. Clinical Parameters

Comorbidity was assessed using the Charlson Comorbidity Index (CCI) items [23,24].
The item list consists of (1) myocardial infarction (history, not ECG changes only); (2) conges-
tive heart failure; (3) peripheral disease (includes aortic aneurysm ≥ 6 cm); (4) cerebrovas-
cular disease or stroke; (5) chronic pulmonary disease; (6) diabetes without end-organ
damage (excludes diet-controlled alone); (7) depression; (8) diseases treated with anticoag-
ulants; (9) dementia; (10) hemiplegia; (11) diabetes with end-organ damages (retinopathy,
neuropathy, nephropathy, or brittle diabetes); (12) moderate or severe renal diseases; (13)
tumor without metastasis (exclude if > 5 years from diagnosis), leukemia (acute or chronic)
and lymphoma; (14) moderate or severe liver diseases; (15) metastatic solid tumor; and
(16) HIV/AIDS. Patients with dementia were excluded. Cerebrovascular disease, although
reported in the list, was excluded when calculating the number of chronic conditions. The
comorbidity was classified into two groups (none vs. one or more) to facilitate the analysis.
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The body mass index (BMI), a measure of body fat, was calculated as
weight (kg)/[height (m)]2. The stroke occurrence (first ever vs. recurrent) was also assessed.

2.3.4. Health Literacy

Health literacy (HL) was assessed using the short-form questionnaire with 12 items
(HLS-SF12). It was validated and used in Asian countries [25,26], including Vietnam [27–30].
Patients were asked to rate their perceived difficulty of each item based on 4-point Likert
scales from 1 = “very difficult” to 4 = “very easy”. The overall score was standardized
to an index ranging from 0 to 50 using Formula (1), with a higher score presenting better
HL [31]:

Index = (Mean − 1) × (50/3) (1)

where Index is a specific index score calculated, Mean is the mean of 12 items, 1 is the
minimal possible value of the mean (leading to a minimum index score of 0), 3 is the range
of the mean, and 50 is the chosen maximum HL index score.

2.3.5. Diet Quality

A brief self-reported measure of diet quality questionnaire, or the Dietary Approaches
to Stop Hypertension Quality (DASH-Q) questionnaire, was used for assessing diet
quality [32]. The DASH-Q consists of 11 items and asks how many days, over the past 7
days, did patients eat the food items. The response options are from 0 to 7. Two researchers
translated the questionnaire into the Vietnamese language. An expert panel (five medical
doctors, five public health and nutrition professionals) then validated the content and
suggested keeping the original response options and scoring. In Table S1, item “drink milk
(in a glass, with cereal, or in coffee, tea, or cocoa)” was removed with a factor loading of
−0.45 on component 2, and 0.41 on component 3. The items were loaded on three com-
ponents, which explained 62.76% of the variance. The DASH-Q with 10 items illustrated
adequate convergent validity (item-subscale correlation ranges of 0.70–0.80 on factor 1
and component 3, 0.74–0.89 on component 2,), satisfactory reliability (Cronbach’s alpha of
0.74), and no floor or ceiling effects (Table S1). A sum score of DASH-Q was recommended
for use in research and clinical practices. The overall DASH-Q scores range from 0 to 70,
with higher scores presenting better diet quality. Participants with high diet quality were
considered adherent to DASH nutritional recommendations [32].

2.3.6. Disability

The 12-item World Health Organization Disability Assessment Schedule II (named
as WHODAS II) was used for assessing the disability level in different cultures and
settings [33,34]. Patients were asked to rate on 5-point scales the extent of difficulty of
doing the activities in the past 30 days from (1) none to (2) mild, (3) moderate, (4) severe,
(5) extreme difficulty or cannot do [35]. The overall WHODAS II score was a sum score of
all items, with a higher score reflecting a higher disability level.

2.4. Data Collection Procedure

Research assistants (e.g., doctors, nurses, and medical students) firstly received a
four-hour training session about data collection, conducted by researchers from each
hospital. Doctors in charge selected qualified patients for the study. Research assistants
then approached and asked for patients’ voluntary participation. The informed consent
form was signed by patients before administering the survey. The face-to-face interviews
were conducted at the bedside. Adequate time was given to patients to complete the survey.
It took about 30 min to complete a survey for one patient. After the interview, research
assistants reviewed the medical records for clinical parameters.

We postponed the data collection during the COVID-19-induced nationwide lockdown
in Vietnam from 1st to 22nd of April 2020 [36,37]. During the pandemic, research assistants
also received infection control training from each hospital, in terms of mask-wearing,
handwashing, and physical distancing which followed the guidelines of the Centers for
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Disease Control and Prevention (CDC) [38], World Health Organization (WHO) [39], and
Ministry of Health in Vietnam [40].

2.5. Ethical Consideration

The study was reviewed and approved by the Institutional Ethical Review Com-
mittee of Hanoi University of Public Health (IRB No. 498/2019/YTCC-HD3 and No.
312/2020/YTCC-HD3). All subjects gave their informed consent for inclusion before they
participated in the study.

2.6. Statistical Analysis

Firstly, the studied variables’ distributions were explored using descriptive analysis.
A one-way ANOVA test was used to compare the distribution of WHODAS II in different
categories of independent variables. Secondly, the associations of comorbidity, physical
activity, and diet quality (DASH-Q) with disability (WHODAS II) were analyzed using
bivariate and multivariate linear regression models. We adjusted for age, gender, marital
status, education, occupation, smoking status, and health literacy in multivariate linear
regression models as these variables showed associations with WHODAS II in the bivariate
linear regression models (Table S2). Finally, the interaction analysis was performed to
examine the potential modification impacts of physical activity and diet quality on the
association between comorbidity and disability. To visualize the results of the interaction
models, we conducted a simple slope analysis using PROCESS Macro of SPSS for modera-
tion analysis [41]. The slope plots were drawn using the evaluated values of WHODAS II
for two categories of comorbidity (non-CCI vs. CCI) by three values of physical activity
(mid-tertile 1, mid-tertile 2, and mid-tertile 3 of MET-min/wk), and diet quality (Z = −1,
one standard deviation below the mean; Z = 0, the mean; Z = +1, 1 standard deviation
above the mean of DASH-Q). Data were analyzed using IBM SPSS Version 20.0 (IBM Corp,
Armonk, NY, USA) [42]. The significance level was set at a p-value < 0.05.

3. Results

3.1. Patients’ Characteristics

In the total sample, 70% of stroke patients were 60 years old or above, 59.2% were men.
The proportions of patients with comorbid and first-ever stroke were 49.9% and 82.5%,
respectively. The scores of DASH-Q, HL, and WHODAS II were 29.2 ± 11.8, 23.4 ± 10.0,
32.3 ± 13.5, respectively. The score of WHODAS II was significantly varied in different
categories of age, gender, marital status, education, occupation, comorbidity, smoking, and
physical activity (Table 1).

Table 1. Characteristics and disability in stroke patients (n = 951).

Variables Total WHODAS II
p *

n (%) (Mean ± SD)

Age, years <0.001
19–59 285 (30.0) 30.4 ± 13.1
60–69 286 (30.1) 31.2 ± 13.5
70–79 222 (23.3) 33.3 ± 13.4
80–99 158 (16.6) 36.5 ± 13.3

Gender 0.035
Women 388 (40.8) 33.5 ± 13.3

Men 563 (59.2) 31.6 ± 13.5
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Table 1. Cont.

Variables Total WHODAS II
p *

n (%) (Mean ± SD)

Marital status 0.040
Married 837 (88.0) 32.0 ± 13.6
Single or

Widowed/Divorced/Separated
114 (12.0) 34.8 ± 12.4

Education attainment 0.002
Illiterate or elementary 215 (22.6) 34.4 ± 12.3

Junior high 257 (27.1) 33.6 ± 14.3
Senior high 251 (26.4) 31.4 ± 14.5

College/university or higher 227 (23.9) 30.1 ± 12.0

Occupation <0.001
Working 518 (54.5) 29.6 ± 12.9

Retired or infirmity 433 (45.5) 35.6 ± 13.4

Ability to pay for medication 0.528
Very or fairly difficult 423 (44.5) 32.7 ± 13.7

Very or fairly easy 528 (55.5) 32.1 ± 13.3

Social status 0.344
Low 111 (11.7) 33.5 ± 12.3

Middle or high 840 (88.3) 32.2 ± 13.6

BMI, kg/m2 0.203
Underweight (<18.5) 90 (9.5) 33.5 ± 14.6

Normal weight (18.5 ≤ BMI < 24.0) 794 (83.7) 32.4 ± 13.4
Overweight/obese (BMI ≥ 25.0) 65 (6.8) 29.7 ± 12.8

CCI <0.001
None 476 (50.1) 28.1 ± 11.8

One or more 475 (49.9) 36.6 ± 13.8

Stroke occurrence 0.261
First ever 785 (82.5) 32.1 ± 13.2
Recurrent 166 (17.5) 33.4 ± 14.8

Smoking 0.028
Never smoked 544 (57.2) 31.5 ± 13.5
Ever smoked 407 (42.8) 33.5 ± 13.4

Drinking alcohol 0.071
No 661 (69.5) 32.9 ± 13.7
Yes 290 (30.5) 31.2 ± 13.0

Physical activity, MET-min/wk <0.001
Tertile 1 (MET ≤ 597) 324 (34.1) 38.4 ± 13.3

Tertile 2 (597 < MET ≤ 3726) 312 (32.8) 31.0 ± 13.2
Tertile 3 (MET > 3726) 315 (33.1) 27.5 ± 11.6

DASH-Q, mean ± SD 29.2 ± 11.8

HL index, mean ± SD 23.4 ± 10.0

WHODAS II, mean ± SD 32.3 ± 13.5
Abbreviation: SD, standard deviation; WHODAS II, World Health Organization Disability Assessment Schedule
II; BMI, body mass index; CCI, Charlson Comorbidity Index; MET-min/wk, metabolic equivalent task scored in
minutes per week; DASH-Q, Dietary Approaches to Stop Hypertension Quality; HL, health literacy.* Results of
one-way ANOVA test.
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3.2. Associations of Comorbidity, Physical Activity, Diet Quality with Disability

The results of the multivariate analysis (after adjusting for age, gender, marital status,
education attainment, occupation, smoking status, and health literacy) illustrate that pa-
tients with comorbidity had a higher disability score (regression coefficient, B, 8.24; 95%
confidence interval, 95%CI, 6.66, 9.83; p < 0.001) as compared with those without comorbid-
ity. In comparison with patients’ exercise level in the first tertile, those in the second tertile
(B, −6.49; 95%CI, −8.51, −4.47; p < 0.001), or third tertile (B −9.00; 95%CI, −11.06, −6.94;
p < 0.001) had a lower score of disability. Patients with a one-point increment in DASH-Q
had a 0.20-point reduction in disability (B, −0.20; 95%CI, −0.27, −0.13; p < 0.001; Table 2).

Table 2. Associations of comorbidity, physical activity, and diet quality with disability among stroke patients (n = 951).

Variables WHODAS II WHODAS II

B (95%CI) * p B (95%CI) ** p

CCI
None Reference Reference

One or more 8.51 (6.88, 10.14) <0.001 8.24 (6.66, 9.83) <0.001

Physical activity, MET-min/wk
Tertile 1 Reference
Tertile 2 −7.40 (−9.37, −5.42) <0.001 −6.49 (−8.51, −4.47) <0.001
Tertile 3 −10.82 (−12.80, −8.85) <0.001 −9.00 (−11.06, −6.94) <0.001

DASH-Q, 1-point increment −0.27 (−0.34, −0.20) <0.001 −0.20 (−0.27, −0.13) <0.001

Abbreviation: WHODAS II, World Health Organization Disability Assessment Schedule II; CCI, Charlson Comorbidity Index; MET-
min/wk, metabolic equivalent task scored in minutes per week; DASH-Q, Dietary Approaches to Stop Hypertension Quality.* Results of
bivariate linear regression analysis.** Results of multivariate linear regression analysis after adjustment for age, gender, marital status,
education attainment, occupation, smoking status, and health literacy.

3.3. Modification Impacts of Physical Activity, Diet Quality

In the multivariate analysis, in comparison with patients with no comorbidity and in
the lowest tertile of physical activity (PA), those with a comorbidity and in the lowest tertile
of PA had scores of disability 10.67 points higher (B, 10.67; 95%CI, 7.96, 13.37; p < 0.001),
and those in the second tertile of PA (B, −4.65; 95%CI, −8.44, −0.85; p < 0.016), and third
tertile of PA (B, −5.48; 95%CI, −9.27, −1.70; p < 0.005) had scores of disability 4.65 and
5.48 points lower, respectively (Table 3). The model results are illustrated in Figure 1.

Table 3. Interactions of comorbidity with physical activity and diet quality on disability among stroke patients (n = 951).

Interactions WHODAS II WHODAS II

B (95%CI) * p B (95%CI) ** p

CCI and MET
Non-CCI × MET (tertile 1) Reference Reference

CCI × MET (tertile 1) 10.70 (7.93, 13.47) <0.001 10.67 (7.96, 13.37) <0.001
Non-CCI × MET (tertile 2) −2.74 (−5.59, 0.11) 0.059 −2.50 (−5.31, 0.32) 0.082
Non-CCI × MET (tertile 3) −6.23 (−9.08, −3.39) <0.001 −4.56 (−7.40, −1.72) 0.002

CCI × MET (tertile 2) −5.47 (−9.37, −1.58) 0.006 −4.65 (−8.44, −0.85) 0.016
CCI × MET (tertile 3) −5.39 (−9.27, −1.50) 0.007 −5.48 (−9.27, −1.70) 0.005

CCI and DASH-Q
Non-CCI × DASH-Q (lowest score)

CCI × DASH-Q (lowest score) 18.62 (14.36, 22.88) <0.001 17.12 (12.98, 21.45) <0.001
Non-CCI × DASH-Q (1-point increment) −0.03 (−0.13, 0.07) 0.523 −0.01 (−0.09, 0.09) 0.990

CCI × DASH-Q (1-point increment) −0.37 (−0.51, −0.24) <0.001 −0.32 (−0.45, −0.19) <0.001

Abbreviations: WHODAS II, World Health Organization Disability Assessment Schedule II; CCI, Charlson Comorbidity Index; MET,
metabolic equivalent task scored in minutes per week; DASH-Q, Dietary Approaches to Stop Hypertension Quality.* Results of bivariate
linear regression analysis.** Results of multivariate linear regression analysis adjusted for age, gender, marital status, education, occupation,
smoking status, and health literacy.
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Figure 1. Simple slope plot for the interaction between comorbidity and physical activity on disability
among stroke patients (n = 951). CCI, Charlson Comorbidity Index; WHODAS II, World Health
Organization Disability Assessment Schedule II; MET, metabolic equivalent task scored in minutes
per week.

Similarly, in comparison with patients with no comorbidity and the lowest score of
DASH-Q, those with a comorbidity and the lowest score of DASH-Q had scores of disability
17.12 points higher (B, 17.12; 95%CI, 12.98, 21.45; p < 0.001), and those with a one-point
increment in DASH-Q had scores of disability 0.32 points lower (B, −0.32; 95%CI, −0.45,
−0.19; p < 0.001; Table 3). The model results are illustrated in Figure 2.

−

–

–

–

Figure 2. Simple slope plot for the interaction between comorbidity and diet quality on disability
among stroke patients (n = 951). Note: Z = −1, one standard deviation below the mean; Z = 0, the
mean; Z = +1, 1 standard deviation above the mean. CCI, Charlson Comorbidity Index; WHODAS II,
World Health Organization Disability Assessment Schedule II; DASH-Q, Dietary Approaches to Stop
Hypertension Quality.
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4. Discussion

In this study, comorbidity was found as one of the key predictors of disability in stroke
patients. Comorbid medical conditions were strongly associated with poor outcomes
and death [43–45], with higher disability levels [11], and worse functional outcomes after
stroke [12]. It is necessary to evaluate the comorbid conditions in order to help develop
appropriate plans for treatment and rehabilitation.

A higher physical activity score was associated with a lower disability score in the
current study. Daily physical activity was found to be independently associated with a
better physical component of quality of life in stroke patients, in a previous study [46].
Stroke patients spent more time on sedentary behaviors which further affect physical
function [47–49] and recovery after stroke [50]. The prevalence of physical inactivity
was increased during the COVID-19 pandemic which further created a huge burden
of cardiovascular disease [51,52]. Therefore, physical activity should be promoted to
potentially reduce physical limitation or disability in people living with stroke and improve
the outcomes of rehabilitation therapy.

A healthy diet has been found to exert beneficial effects on cardiovascular disease
(CVD) prevention [53–55]. The diet quality was associated with CVD-free life expectancy [56].
However, the certainty of the evidence was low [53,57]. In our current study, a higher
score of diet quality was also associated with a lower disability score. However, a previous
study showed no significant role of nutrition therapy in activities of daily living (ADL)
in older stroke patients [58]. In a 5.3-year follow-up study conducted on older adults, a
healthy diet (e.g., DASH diet) was associated with a lower likelihood of ADL disability
and mobility disability [59]. In addition, adherence to a healthy diet was associated with a
lower frailty index, reflecting an aspect of disability in older adults [60,61]. Moreover, in
the older population, a healthy diet has also shown positive associations with muscle mass,
muscle strength, and physical performance [62]. Therefore, it is suggested that a healthy
diet may be an effective approach for the prevention of malnutrition and functional disabil-
ity in older people, especially in those with stroke. A previous study showed that early
nutritional intake after acute stroke admission had positive impacts on home discharge
and ADL [63].

A healthy diet has been linked with lower concentrations of inflammatory parameters
as risk factors for cardiovascular diseases [64]. During the COVID-19 pandemic, nutrition
therapy has been found to be a potential protective approach to support the immune
system, and reduce inflammation [65], while several nutrients may enhance the functional
status [66]. Moreover, patients with better nutritional status had a lower thrombosis
incidence which is recognized as a risk of cerebrovascular disease [67], e.g., stroke caused
by COVID-19 infection [68]. Equally important to a healthy diet, physical activity has
the potential to improve inflammatory status and mobility in chronic stroke patients [69].
Inflammation is common in several chronic diseases [70]. It shows an association with
malnutrition, functional outcomes [71], and disability [72].

In the current study, physical activity and diet quality significantly modified the
negative impacts of comorbidity on disability in stroke patients. A previous study has
shown that being physically active and eating a healthy diet were associated with lower
disability-adjusted life years (DALYs), and those who adhere to more healthy behaviors
lived longer in good health [73]. During the COVID-19 pandemic, the adherence to a
healthy diet slightly increased [74,75], although unhealthy food consumption and physical
inactivity also increased [74,76]. Importantly, both a healthy diet and physical activity have
shown benefits for first and recurrent stroke prevention [77]. Therefore, promoting a life-
long healthy lifestyle is the most important way to primarily prevent CVD, as emphasized
in the updated guidelines for primary CVD prevention [78].

Our study has some limitations. Firstly, the study sample was relatively small, which
limits the analysis of the impact of the individual comorbid conditions on disability. Sec-
ondly, the duration of different comorbid diseases was not investigated in the current study,
which affected the analysis of the association. Thirdly, the potential factors that may render
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food intake difficult (i.e., dysphagia after stroke, modification of diet texture) were not
investigated in our study which might confound the findings. Finally, the generalizability
and causality cannot be inferred from a cross-sectional design with consecutive convenient
sampling. For example, it is also possible that disability affects food availability (e.g., no
access to fresh food, no possibility to cook), which may explain the observed correlation. A
longitudinal design is required to confirm the association. Despite the abovementioned
limitations, the findings indicate a phenomenon and direction for future research and
provide evidence for strategic interventions which may alleviate the negative impact of the
comorbid condition on disability in stroke patients.

5. Conclusions

In stroke patients, comorbidity, physical activity, and diet quality were significantly
associated with disability status. Importantly, the negative impact of comorbidity on
disability was modified by physical activity and diet quality. The findings suggest that
assessing comorbidity and promoting healthy lifestyles in clinical practice are important to
improve stroke rehabilitation outcomes.
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Abstract: Although L-carnitine alleviated white-matter lesions in an experimental study, the treatment
effects of L-carnitine on white-matter microstructural damage and cognitive decline in hemodialysis
patients are unknown. Using novel diffusion magnetic resonance imaging (dMRI) techniques,
white-matter microstructural changes together with cognitive decline in hemodialysis patients and
the effects of L-carnitine on such disorders were investigated. Fourteen hemodialysis patients
underwent dMRI and laboratory and neuropsychological tests, which were compared across seven
patients each in two groups according to duration of L-carnitine treatment: (1) no or short-term
L-carnitine treatment (NSTLC), and (2) long-term L-carnitine treatment (LTLC). Ten age- and sex-
matched controls were enrolled. Compared to controls, microstructural disorders of white matter
were widely detected on dMRI of patients. An autopsy study of one patient in the NSTLC group
showed rarefaction of myelinated fibers in white matter. With LTLC, microstructural damage on
dMRI was alleviated along with lower levels of high-sensitivity C-reactive protein and substantial
increases in carnitine levels. The LTLC group showed better achievement on trail making test A,
which was correlated with amelioration of disorders in some white-matter tracts. Novel dMRI
tractography detected abnormalities of white-matter tracts after hemodialysis. Long-term treatment
with L-carnitine might alleviate white-matter microstructural damage and cognitive impairment in
hemodialysis patients.

Keywords: L-carnitine; hemodialysis; vascular dementia; diffusion tensor imaging; diffusion kurtosis
imaging; neurite orientation dispersion and density imaging

1. Introduction

Correlated with the substantial increase in patients with end-stage renal disease due
to diabetes mellitus, hypertension, and obesity, the number of patients on maintenance
dialysis has risen greatly, to 284 individuals per million population worldwide [1]. Cog-
nitive impairment is critical in hemodialysis patients and is associated with death and
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dialysis withdrawal [2]. A previous large-scale cohort study of hemodialysis patients docu-
mented the prevalence of diagnosed dementia as 4%, whereas several studies investigated
cognitive function tests of hemodialysis patients, showing cognitive impairment in as
many as 87% [2–4]. Thus, there may be more undiagnosed or covert vascular dementia in
hemodialysis patients than expected.

Diffusion tensor imaging (DTI) and diffusion kurtosis imaging (DKI) allow noninva-
sive investigation of the neural architecture of the brain using a Gaussian and non-Gaussian
model, respectively [5,6]. Furthermore, multi-shell diffusion MRI techniques (msdMRI),
including the neurite orientation dispersion and density imaging (NODDI) model con-
sisting of intracellular volume fraction (ICVF), orientation dispersion index (ODI), and
isotropic volume fraction (ISO), have been shown to more sensitively evaluate neuritic
microstructure alterations than DTI [7]. Using DTI, the association of white-matter fiber
tract disorders with cognitive decline has been reported in vascular dementia, as well as
small vessel diseases in hemodialysis patients [8–11], although no evidence is currently
available for the analysis of white-matter fiber tracts using msdMRI techniques.

In experimental studies, we recently created rat models of vascular dementia by liga-
tion of bilateral common carotid arteries, creating chronic cerebral hypoperfusion, which
induced cerebral white-matter damage and vascular dementia [12,13]. L-Carnitine was
shown to play a pivotal role in suppressing inflammation, oxidative stress, and apoptosis
in chronic debilitating diseases [14]. L-Carnitine also improves cardiac dysfunction, as
well as peripheral artery disease [15,16]. Importantly, continuous supplementation with
L-carnitine for a longer period alleviated oxidative stress in oligodendrocytes and promoted
axonal outgrowth and myelination in cerebral white matter, thereby improving cognitive
impairment after chronic cerebral hypoperfusion in rats [13]. So far, no specific therapeutic
agents for vascular cognitive dysfunction associated with cerebral white-matter lesions are
available in clinical practice.

Cognitive dysfunction in hemodialysis patients can be induced by a disorder of cere-
bral circulation due to atherosclerosis in cerebral arteries, oxidative stress, inflammation,
and possibly blood pressure fluctuation due to hemodialysis, which might share com-
mon pathological mechanisms with chronic cerebral hypoperfusion in our experimental
studies [12,13]. Taking advantage of the utility of novel dMRI techniques, we sought
to assess the alterations of the microstructure of white-matter tracts in hemodialysis pa-
tients. Importantly, a postmortem brain study of a hemodialysis patient enrolled in the
present study was carried out. Meanwhile, several studies with small sample sizes of 10 to
17 participants were conducted to explore the pathophysiology of microstructural damage
of white-matter tracts using NODDI [17,18]. L-Carnitine alleviated white-matter lesions
and cognitive impairment in an experimental study, but its effects on cognitive decline
in hemodialysis patients are essentially unknown. The aim of the current study was to
elucidate the therapeutic efficacy of L-carnitine for disorders of white-matter tracts seen on
dMRI and cognitive decline in hemodialysis patients.

2. Materials and Methods

2.1. Study Participants

Patients were included on the basis of the following inclusion criteria, (i) age between
55 and 90 years, (ii) undergoing hemodialysis in Juntendo University Hospital Dialysis
Center; and (iii) having at least one atherosclerotic vascular risk factor. Exclusion criteria
were as follows: (i) any contraindication to brain MRI, (ii) moderate to severe cognitive
decline or aphasia (need some assistance to complete their daily living activities or commu-
nication), (iii) coexistence of neurological diseases, and (iv) presence of severe pneumonia,
chronic heart failure, or advanced cancer. Previous studies with sample sizes of 10 to 17 par-
ticipants were conducted to explore the pathophysiology of microstructural alterations
of white-matter tracts using NODDI [17,18]. Thus, 14 maintenance hemodialysis patients
(age 70.8 ± 7.2 years, six women and eight men), treated three times a week at outpatient
hemodialysis units in Juntendo University Hospital, were included in the present study. In
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addition, 10 age- and sex-matched healthy controls (73.0 ± 4.4 years, five women and five
men) who were literate or able to be interviewed and could communicate effectively, with
no history of severe mental disorders or dementia, were also recruited. This study was
conducted in accordance with the Declaration of Helsinki. The independent ethics com-
mittee of Juntendo University Hospital approved this study (16–170). All study subjects
were given an explanation of the study, and written, informed consent was obtained for
the study objective, MRI and cognitive function tests, enrolment in the study, and ensuring
confidentiality of information.

2.2. Risk Factors

Atherosclerotic vascular risk factors were defined according to the previous litera-
ture [19]: (1) hypertension, history of using antihypertensive agents, systolic blood pressure
>140 mmHg, or diastolic blood pressure >90 mmHg; (2) diabetes mellitus, use of oral hy-
poglycemic agents or insulin, or glycosylated hemoglobin >6.4%; (3) dyslipidemia, use
of antihyperlipidemic agents, serum LDL-C ≥140 mg/dL, HDL-C <40 mg/dL, or triglyc-
erides ≥150 mg/dL; (4) current smoking status; (5) coronary artery disease, previous
history of angina pectoris or myocardial infarction; (6) stroke, previous history of ischemic
stroke, hemorrhagic stroke, or undetermined stroke.

2.3. Drug Administration and Classification

The protocol for treatment with L-carnitine (Otsuka Pharmaceutical Co., Ltd., Tokushima,
Japan) was 600 mg orally once a day starting in July 2012, followed by 1000 mg intra-
venously per hemodialysis day starting in January 2014. Termination of L-carnitine treat-
ment was determined randomly, and patients without L-carnitine treatment were also
included. On the basis of the duration of L-carnitine treatment, seven patients each were
classified into the no or short-term L-carnitine treatment (NSTLC) and LTLC long-term
L-carnitine treatment (LTLC) groups, with an allocation ratio of 1:1. In the NSTLC group,
four patients’ intravenous L-carnitine treatment was stopped from June 2014 to April
2015; thus, L-carnitine was discontinued on the day of dMRI and neuropsychological tests
(January 2017 to September 2017), whereas the remaining three patients were not treated
with L-carnitine. In the LTLC group, intravenous L-carnitine treatment was continued
on the day of dMRI and neuropsychological tests (January 2017 to September 2017) in
seven patients.

2.4. Profile of Carnitine Kinetics after L-Carnitine Treatment and Other Laboratory
Blood Examinations

Serum total, free, and acylated carnitine concentrations were measured using the
enzyme cycling method, and the ratio of acylated carnitine to free carnitine was calcu-
lated. According to the above treatment protocol of L-carnitine, total, free, and acylated
carnitine concentrations were measured before treatment, at 6 months after 600 mg of
L-carnitine treatment orally per day, and at 6 months after 1000 mg of L-carnitine treatment
intravenously per hemodialysis day. Other laboratory data (calcium, phosphate, glucose,
low-density lipoprotein, high-density lipoprotein, hemoglobin, triglycerides, creatinine,
eGFR, leukocyte count, and high-sensitivity C-reactive protein) were examined by stan-
dard enzymatic methods. The averages of these data in three consecutive tests before MRI
were calculated.

2.5. Neuropsychological Tests

The mini mental state examination (MMSE), Hasegawa dementia rating scale-revised
(HDS-R) for standard cognitive function, the frontal assessment battery (FAB), and the
Japanese version of the Montreal cognitive assessment (MoCA-J) were performed. The trail
making test (TMT) was also conducted, consisting of two parts. TMT part A is a task of
rapid visual scanning and processing speed, in which the respondent connects randomly
arranged numbers in consecutive order. In part B, the respondent connects randomly
arranged letters and numbers in consecutive order, alternating between numbers and
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letters. The four subtests of the Wechsler Memory Scale-Revised (WMS-R), namely, logical
memory I/II, digit span, and visual span, were also carried out. All neuropsychological
tests were performed by an experienced neuropsychologist (MS) within 60 min for each
patient. The standard scores of TMT and four subsets of WMS-R were calculated by average
score and standard deviation for each age group from previous data of Japanese subjects
(Supplementary Table S1) [20], using the formula Z (standard score) = x (raw score) − µ

(mean score)/σ (standard deviation).

2.6. MRI Acquisition

MRI data were acquired on a 3 T MRI scanner (MAGNETOM Prisma; Siemens Health-
care, Erlangen, Germany) with a 64-channel head coil. Sequences of conventional MRI
included fluid-attenuated inversion recovery imaging (FLAIR) and the GRE T2 * sequence.
FLAIR (TR/TE = 10,000/114 ms) was used to evaluate the degree of deep and subcorti-
cal white-matter hyperintensity (DSWMH) and periventricular hyperintensity (PVH) in
accordance with Fazekas grades 0–3 [21], and GRE T2 * (TR/TE = 410–500/12 ms) was
used to identify cerebral microbleeds (CMBs), defined as rounded areas of signal loss with
diameter <10 mm. Diffusion-weighted imaging (DWI) was performed by spin-echo echo-
planar imaging in the anterior-to-posterior phase-encoding direction. Multi-shell DWI was
obtained with b-values of 1000 and 2000 s/mm2 along 64 isotropic diffusion gradients for
each shell. Each DWI acquisition was completed with a gradient-free image (b = 0). The
acquisition parameters were as follows: repetition time/echo time = 3300/70 ms/ms, field
of view = 229 × 229 mm, matrix = 130 × 130, resolution = 1.8 × 1.8 mm, slice thickness =
1.8 mm, and acquisition time = 7.29 min.

2.7. MRI Preprocessing

The diffusion datasets were corrected for eddy-current distortions and small head
movements and denoised using EDDY and TOPUP toolboxes [22]. The resulting images
were visually checked in axial, coronal, and sagittal views. All images were free of severe
artefacts, such as gross geometric distortion, signal dropout, or bulk motion. The resulting
images were used to acquire (1) fractional anisotropy (FA), MD (mean diffusivity), AD
(axial diffusivity), and RD (radial diffusivity) maps using ordinary least squares applied
to the diffusion-weighted images with b = 0 and 1000 s/mm2, (2) mean kurtosis (MK),
axial kurtosis (AK), and radial kurtosis (RK) using Diffusion Kurtosis Estimator (https:
//www.nitrc.org/projects/dke/, accessed on 1 June 2018), and (3) ICVF, ODI, and ISO
maps using the NODDI model implemented in NODDI Matlab Toolbox5 (http://www.
nitrc.org/projects/noddi_toolbox, accessed on 1 April 2019) and AMICO.

2.8. Tract-Based Spatial Statistics Analysis

Tract-based spatial statistics (TBSS), a voxel-wise statistical analysis of whole-brain
white matter, was implemented in FMRIB Software Library version 5.0.9 (FSL; Oxford
Centre for Functional MRI of the Brain, Oxford, UK; www.fmrib.ox.ac.uk/fsl, accessed on
1 September 2019) [21]. TBSS was performed to identify significant differences between
groups of each of the DTI, DKI, and NODDI indices.

2.9. Tract-of-Interest (TOI) Analysis

Any maps showing significant clusters by TBSS analysis were localized using the
Johns Hopkins University’s ICBM-DTI-81 WM tractography atlas, which is composed of
the left (right) anterior thalamic radiation (L[R]atr), corticospinal tract (L[R]cs), cingulum
cingulate gyrus (L[R]cc), cingulum hippocampus (L[R]ch), forceps major (fm), forceps
minor (fmi), inferior fronto-occipital fasciculus (L[R]ifof), inferior longitudinal fasciculus
(L[R]ilf), superior longitudinal fasciculus (L[R]slf), uncinate fasciculus (L[R]uf), and slf
temporal part (L[R]slftemp). The diffusion measures were averaged in each TOI delineated
by the atlas. Correlation analysis was performed to explore the relationships between each
index and neuropsychological scores [23].
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2.10. Histopathological Analysis of an Autopsy Brain

An autopsy brain from a patient was fixed with 15% neutral buffered formalin, and the
selected sections were embedded in paraffin. The paraffin-embedded blocks were sliced at
a thickness of 6 µm. Brain sections were stained with hematoxylin and eosin (H&E), Klüber–
Barrera (KB), and immunohistochemical stains using several antibodies for specific proteins.
For immunohistochemistry, brain sections underwent antigen retrieval by heat activation
in an autoclave with or without formic acid pretreatment, before being incubated overnight
at 4 ◦C in primary antibody. The primary antibodies used were against phosphorylated tau,
amyloid beta, and neurofilament heavy weight (NFH). Bound antibodies were visualized
using the peroxidase-polymer-based method using a Histofine Simple Stain MAX-PO kit
(Nichirei, Tokyo, Japan) with diaminobenzidine as the chromogen.

2.11. Statistical Analysis

Values presented in this study are expressed as means ± standard deviation. All
statistical analyses were performed using IBM SPSS Statistics for Windows, version 22.0
(IBM Corporation, Armonk, NY, USA), except for general linear model (GLM) analysis,
which was performed using the FSL. The Shapiro–Wilk test was used to assess data
normality, whereas demographic data were analyzed using the unpaired Student’s t-test
for continuous variables, and the chi-squared test was used for categorical variables. The
effect size was then calculated using Cohen’s d to evaluate the statistical power of the
relationship determined during group comparisons [24]. Clinical features, values on
psychological tests, laboratory data, and degree of PVH and DSWMH were analyzed
using the Mann–Whitney test for nonparametric variables and the chi-squared test for
categorical variables between hemodialysis patients in the NSTLC and LTLC groups. For
TBSS analysis, a GLM framework with one-way analysis of variance (ANOVA; healthy
controls vs. hemodialysis patients with NSTLC vs. hemodialysis patients with LTLC) with
age and sex as covariates were applied in the FSL randomize tool with 5000 permutations.
The results were then corrected for multiple comparisons by controlling family-wise error
and applying the threshold-free cluster enhancement option. For TOI analysis, one-way
ANOVA with the Welch and Games–Howell post hoc tests was performed to compare
among the three groups. Spearman’s rank correlation coefficient was used to test for any
linear associations between the diffusion metrics and psychological test scores that reached
significant differences between the NSTLC and LTLC groups. The false discovery rate
(FDR) was used to correct for multiple comparisons (20 TOIs). In all analyses, a probability
value <0.05 was considered significant.

3. Results

3.1. Study Population

The baseline characteristics of the 14 enrolled patients are summarized in Table 1; 93%,
43%, and 57% of the patients had hypertension, diabetes mellitus, and dyslipidemia,
respectively, and 14% and 21% of patients had coronary artery and peripheral artery dis-
eases, respectively. Causes of hemodialysis were diabetic nephropathy in six patients,
chronic glomerulonephritis in three patients, and nephrosclerosis, polycystic kidney dis-
ease, rapidly progressive glomerulonephritis, and renal cell carcinoma in one patient each.
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Table 1. Baseline characteristics, laboratory data, and cognitive and radiological findings according to total duration of
L-carnitine treatment in hemodialysis patients.

Duration of LCAR Treatment
p

Total No or Short-Term Long-Term

Characteristic n = 14 n = 7 n = 7
Sociodemographic

Age, years, mean ± SD 70.8 ± 7.2 72.6 ± 9.7 69.0 ± 3.3 0.259
Sex, male, no. (%) 8 (57) 4 (57) 4 (57) 0.589
Final education 0.431

High school 4 (29) 1 (14) 3 (43)
Business school 2 (14) 1 (14) 1 (14)
Junior college 3 (21) 1 (14) 2 (29)
University 5 (36) 4 (57) 1 (14)

Body mass index 20.6 ± 4.2 21.8 ± 5.3 19.3 ± 2.3 0.456
Risk factors, no. (%)

Hypertension 13 (93) 7 (100) 6 (86) 1
Diabetes mellitus 6 (43) 3 (43) 3 (43) 0.589
Dyslipidemia 8 (57) 3 (43) 5 (71) 0.589
Current cigarette smoking 1 (7) 1 (14) 0 (0) 1
Coronary artery disease 2 (14) 1 (14) 1 (14) 0.445
Previous history of stroke 3 (21) 2 (29) 1 (14) 1

Cause of renal failure 0.718
Glomerulonephritis 3 (21) 1 (14) 2 (29)
Diabetic nephropathy 6 (43) 3 (43) 3 (43)
Nephrosclerosis 1 (7) 1 (14) 0 (0)
Others 4 (29) 2 (29) 2 (29)

Total time of hemodialysis 1217 ± 687 870 ± 750 1564 ± 405 0.097
Total amount of LCAR, g 496.4 ± 311.4 241.3 ± 233.1 751.4 ± 62.6 0.002
Laboratory findings, mean ± SD

Leukocyte count, 102/µL 60.9 ± 16.6 64.1 ± 19.1 57.7 ± 13.4 0.413
LDL-C, mg/dL 84.5 ± 24.1 91.0 ± 28.7 78.0 ± 16.6 0.195
HDL-C, mg/dL 55.5 ± 15.1 51.0 ± 13.9 60.1 ± 15.1 0.082
Triglycerides, mg/dL 109.3 ± 43.7 112.2 ± 43.4 106.3 ± 43.4 0.772
Glucose, mg/dL 133.9 ± 45.5 135.4 ± 44.8 132.4 ± 47.2 0.782
eGFR, mL/min 4.7 ± 2.5 4.3 ± 1.8 5.2 ± 3.1 0.481
Creatinine, mg/dL 10.1 ± 2.6 10.2 ± 3.2 9.9 ± 2.0 0.93
Hs-CRP, mg/dL 0.41 ± 0.65 0.65 ± 0.68 0.17 ± 0.52 <0.001
Calcium, mg/dL 9.0 ± 0.6 8.8 ± 0.8 9.2 ± 0.2 0.173
Phosphate, mg/dL 5.2 ± 1.4 5.5 ± 1.5 5.0 ± 1.3 0.191

Conventional MRI
PVH, grade 0–3 1.5 ± 0.7 1.4 ± 0.5 1.6 ± 0.8 0.902
DSWMH, grade 0–3 1.1 ± 0.7 1.1 ±0.7 1.0 ±0.8 0.805
Number of CMBs 2.9 ± 6.4 5.1 ± 8.7 0.7 ± 1.0 0.318

Cognitive function test
MMSE 25.4 ± 3.5 26.0 ± 2.6 24.9 ± 4.3 0.71
HDS-R 26.3 ± 2.3 27.1 ± 1.5 25.4 ± 2.8 0.259
FAB 14.9 ± 3.2 15.0 ± 4.2 14.7 ± 2.0 0.318
MoCA-J 23.9 ± 3.2 23.9 ± 3.8 23.9 ± 2.8 0.71

The chi-squared test and the Mann–Whitney U test were used for comparisons. LCAR = L-carnitine; LDL-C = low-density lipoprotein
cholesterol; HDL-C = high-density lipoprotein cholesterol; eGFR = estimated glomerular filtration rate; hs-CRP = high-sensitivity C-reactive
protein. MRI = magnetic resonance imaging; PVH = periventricular hyperintensity; DSWMH = deep and subcortical white matter
hyperintensity; MMSE = mini mental state examination; HDS-R = Hasegawa dementia rating scale-revised; FAB = frontal assessment
battery; MoCA-J = Montreal cognitive assessment Japanese version.

3.2. Profile of Serum Carnitine Kinetics before and after L-Carnitine Treatment and Classification

In 11 patients, treatment with 600 mg of L-carnitine orally per day was started in
July 2012, followed by 1000 mg of L-carnitine intravenously per hemodialysis day from
January 2014, whereas the remaining three patients were not treated with L-carnitine. The
total amount of L-carnitine was significantly higher in the LTLC group than in the NSTLC
group (751.4 ± 62.6 g vs. 241.3 ± 233.1 g, p = 0.002, Table 1). In the 11 patients who
were treated with L-carnitine, serum levels of total carnitine were 47.4 ± 12.1 µmol/L at
baseline, increased to 195.0 ± 57.2 µmol/L at 6 months after 600 mg of oral L-carnitine
treatment (p < 0.01), and further increased substantially to 548.9 ± 148.2 µmol/L at 6 months
after 1000 mg of intravenous L-carnitine treatment (p < 0.001, vs. baseline and after oral
L-carnitine treatment, respectively, Figure 1). Free and acylated carnitine levels were
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29.7 ± 10.3 µmol/L and 17.7 ± 3.1 µmol/L at baseline, increased to 123.8 ± 40.6 µmol/L
and 71.2 ± 23.1 µmol/L after 600 mg of oral L-carnitine treatment (p < 0.01 and p < 0.05,
respectively), and further increased to 332.2 ± 84.3 µmol/L and 216.8 ± 74.5 µmol/L after
1000 mg of intravenous L-carnitine treatment, respectively (p < 0.001, vs. baseline and after
oral L-carnitine treatment, respectively, Figure 1). The ratio of acylated carnitine to free
carnitine did not differ after L-carnitine treatment.

μ
μ

μ

μ μ μ
μ

μ μ

Figure 1. Temporal profile of carnitine kinetics after L-carnitine treatment. Serum total, free, and acylated carnitine concen-
trations were measured, and the ratios of acylated carnitine to free carnitine were calculated before L-carnitine treatment, at
6 months after 600 mg of L-carnitine treatment orally a day, and at 6 months after 1000 mg of L-carnitine treatment per
hemodialysis day. # p < 0.05, ## p < 0.01, ### p < 0.001 vs. at baseline; §§§ p < 0.001, vs. at 6 months after 600 mg of L-carnitine
treatment orally. LC = L-carnitine; HD = hemodialysis.

3.3. Baseline Patients’ Profile, Degree of White-Matter Lesions, Psychological Tests, and Laboratory
Data in the NSTLC and LTLC Groups

Between the NSTLC and LTLC groups, age, frequency of male sex, final education
level, atherosclerotic risk factors, vascular diseases, and cause of renal failure were not
significantly different (Table 1). On laboratory data, high-sensitivity C-reactive protein
(hs-CRP) levels were significantly lower in hemodialysis patients with LTLC than in those
with NSTLC (0.17 ± 0.52 vs. 0.65 ± 0.68 mg/dL, p < 0.001), whereas other laboratory
markers did not show any significant differences. Degrees of PVH and DSWMH and
number of CMBs were not different between groups.

3.4. Cognitive Functions in Hemodialysis Patients with NSTLC and LTLC

Overall, MMSE, HDS-R, FAB, and MoCA-J scores were 25.4 ± 3.5, 26.3 ± 2.3, 14.9 ± 3.2,
and 23.9 ± 3.2 points, respectively, which were not different between the NSTLC and LTLC
groups (Table 1). In TMT-A, completion time was 76.2 ± 53.5 s and 50.4 ± 21.3 s in the
NSTLC and LTLC groups, respectively. Z-Scores were significantly lower in the LTLC
group than in the NSTLC group (−0.8 ± 1.2 vs. 2.2 ± 3.6, p = 0.017, Figure 2). On TMT-
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B, completion times were 138.9 ± 77.7 s and 159.8 ± 107.1 s in the LTLC and NSTLC
groups, respectively, whereas one patient in the NSTLC group was unable to complete
the TMT-B test. Z-Scores were not significantly different between the LTLC and NSTLC
groups (0.3 ± 2.3 vs. 0.4 ± 1.4, Figure 2). In the four subtests of the WMS-R including
logical memory I, logical memory II, digit span, and visual memory span, each score and
the corresponding Z-score were 18.4 ± 7.5, −0.2 ± 1.0, 12.1 ± 3.3 and −0.1 ± 0.9, and
15.4 ± 2.2, 0 ± 0.7, 14.1 ± 7.7, and −0.1 ± 1.0 points, respectively, and there were no
significant differences between the LTLC and NSTLC groups (Figure 2).
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Figure 2. Comparison of neuropsychological tests between patients treated with NSTLC and with LTLC. Dot plots showing
Z (standard score) of TMT-A (A), TMT-B (B), subsets of WMS-R logical memory I (C)/II (D), digit span (E), and visual span
(F) between hemodialysis patients treated with NSTLC and with LTLC. The Mann–Whitney test was used for comparison. Z

(Standard score) = x (raw score) − µ (mean score)/σ (standard deviation); # p < 0.05. LTLC, long-term L-carnitine treatment;
NSTLC, no or short-term L-carnitine treatment; TMT = trail making test.

3.5. DTI Analysis in Hemodialysis Patients with NSTLC and LTLC

On TBSS, as shown in Figure 3, group comparison showed that there were lower FA
and higher AD, RD, and MD in the NSTLC group than in the HC group in many white-
matter tracts, whereas there were no significant differences between the LTLC and NSTLC
groups and between the HC and LTLC groups (Table 2). TOI analyses showed that FA
values in Latr, Ratr, Lcs, Rcs, Lcc, Rcc, fm, fmi, Lifof, Rifof, Lilf, Lslf, Rslf, and Luf were lower
in the NSTLC group than in the HC group (p < 0.05, Table S2, Supplementary Materials).
There were no differences in AD values (Table S3, Supplementary Materials). RD values in
Latr, Ratr, Lcs, Rcs, Lcc, Rcc, fm, fmi, Lifof, Rifof, Lilf, Lslf, Rslf, Luf, and Lslftemp, and in
fm and Rslf were higher in the NSTLC group and in both the NSTLC and LTLC groups
than in the HC group, respectively (p < 0.05, Table S4, Supplementary Materials). MD
values in Latr, Ratr, fm, fmi, Lifof, Rifof, Lilf, Lslf, Luf, Ruf, Lslftemp, and Rslftemp were
higher in the NSTLC group, and MD values in Rslf were higher in the NSTLC and LTLC
groups than in the HC group (p < 0.05, Table S5, Supplementary Materials).
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Figure 3. Comparison of TBSS of DTI among hemodialysis patients treated with NSTLC and with
LTLC and healthy controls. Comparisons of DTI (FA, (A); AD, (B); RD, (C); and MD, (D)) indices
among hemodialysis patients treated with NSTLC and LTLC and healthy controls are shown. TBSS
analyses show that hemodialysis patients treated with NSTLC have significantly lower FA and
significantly higher MD, AD, and RD than healthy controls (p < 0.05, (A–D)), whereas there are no
significant differences between hemodialysis patients treated with NSTLC and LTLC, and hemodial-
ysis patients treated with LTLC and healthy controls (data not shown). The skeleton is presented in
green. To aid visualization, the results are thickened using the fill script implemented in the FMRIB
Software Library. AD, axial diffusivity; DTI, diffusion tensor imaging; FA, fractional anisotropy;
LTLC, long-term L-carnitine treatment; MD, mean diffusivity; NSTLC, no or short-term L-carnitine
treatment; RD, radial diffusivity; TBSS, tract-based spatial statistics.

Table 2. Tract-based spatial statistics analysis of diffusion tensor and diffusion kurtosis imaging and neurite orientation
dispersion and density imaging in hemodialysis patients and healthy controls.

Modality Contrast Cluster Size Anatomical Region Peak t-Value
Peak MNI Coordinates

(X, Y, Z)

DTI

FA HC > NSTLC 48,825

Bilateral ATR, corticospinal tract, CCG,
forceps minor and major, IFOF, ILF, SLF,

SLF temporal part, medial lemniscus,
CP, ALIC, PLIC, retrolenticular part of
IC, ACR, SCR, PCR, PTR, SS, external
capsule, fornix stria terminalis, SFOF,

tapetum; left UF, corticospinal tract, ICP,
UF; right SCP; MCP, pontine crossing

tract, genu, body and splenium of
CC, fornix

6.74 (74, 69, 105)
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Table 2. Cont.

Modality Contrast Cluster Size Anatomical Region Peak t-Value
Peak MNI Coordinates

(X, Y, Z)

AD HC < NSTLC 10,699

Bilateral ATR, corticospinal tract, IFOF,
SLF, ALIC, PLIC, retrolenticular part of

IC, ACR, SCR, PCR, PTR, external
capsule, fornix stria terminalis, SFOF;

left ILF, SS, tapetum; forceps minor, UF,
genu, body and splenium of CC, fornix

5.85 (50, 125, 100)

RD HC < NSTLC 49,556

Bilateral ATR, corticospinal tract, CCG,
IFOF, ILF, SLF, UF, SLF temporal part,
CP, ALIC, PLIC, retrolenticular part of
IC, ACR, SCR, PCR, PTR, SS, external
capsule, fornix stria terminalis, SFOF,

tapetum; forceps minor and major, genu,
body and splenium of CC, fornix

7.43 (140, 117, 50)

MD HC < NSTLC 43,676

Bilateral ATR, corticospinal tract, CCG,
IFOF, ILF, SLF, UF, SLF temporal part,
ALIC, PLIC, retrolenticular part of IC,

ACR, SCR, PCR, PTR, SS, external
capsule, fornix stria terminalis, SFOF,
tapetum; left CHp; forceps minor and

major, genu, body and splenium of
CC, fornix

7.10 (53, 104, 105)

DKI

AK HC > NSTLC 15,653

Bilateral corticospinal tract, IFOF, ILF,
SLF, PLIC, retrolenticular part of IC,

ACR, SCR, PCR, PTR, external capsule,
fornix stria terminalis, tapetum; right
ATR, cingulum hippocampus, UF, SS,
CCG, CHp; forceps minor and major,

body and splenium of CC

6.03 (53, 65, 61)

HC > LTLC 16,138

Bilateral corticospinal tract, CHp, IFOF,
ILF, SLF, SLF temporal part,

corticospinal tract, medial lemniscus,
SCP, CP, PLIC, retrolenticular part of IC,

SCR, PCR, PTR, SS, fornix stria
terminalis, tapetum; left ATR, UF, ALIC,

ACR, external capsule, SFOF; forceps
major, MCP, pontine crossing tract, body

and splenium of CC

6.19 (55, 92, 82)

RK HC > NSTLC 45,239

Bilateral ATR, corticospinal tract, CCG,
IFOF, ILF, SLF, UF, SLF temporal part,
ALIC, retrolenticular part of IC, ACR,
SCR, PCR, PTR, SS, external capsule,

fornix stria terminalis, SFOF; right UF,
tapetum; forceps minor and major, genu,

body and splenium of CC

6.11 (98, 172, 110)

HC > LTLC 69 forceps minor 4.89 (79, 177, 101)

MK HC > NSTLC 28,546

Bilateral ATR, IFOF, ILF, SLF, ALIC,
ACR, SCR, PCR, PTR, SS, external

capsule, SFOF; left corticospinal tract,
UF, retrolenticular part of IC; forceps

minor and major, genu, body and
splenium of CC

6.82 (97, 141, 131)

NODDI

ICVF HC > NSTLC 67,959

Bilateral ATR, corticospinal tract, CCG,
IFOF, ILF, SLF, UF, SLF temporal part,
CP, ALIC, PLIC, retrolenticular part of
IC, ACR, SCR, PCR, PTR, SS, external
capsule, CHp, fornix stria terminalis,
SFOF, tapetum; left UF; right CHp;

forceps minor and major, genu, body
and splenium of CC

8.15 (106, 82, 84)
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Table 2. Cont.

Modality Contrast Cluster Size Anatomical Region Peak t-Value
Peak MNI Coordinates

(X, Y, Z)

HC > LTLC 38,021

Bilateral ATR, corticospinal tract, CCG,
IFOF, ILF, SLF, UF, SLF temporal part,
ALIC, PLIC, retrolenticular part of IC,

ACR, SCR, PCR, PTR, SS, external
capsule, CHp, fornix stria terminalis,
SFOF; left tapetum; right CHp, CP;

forceps minor and major, genu, body
and splenium of CC

6.22 (113, 63, 103)

ISO HC > LTLC 3978

right ATR, Inferior fronto-occipital
fasciculus, ILF, UF, retrolenticular part

of IC, ACR, SCR, PTR, SS; forceps minor
and major

5.88 (48, 116, 49)

NSTLC > LTLC 8312

Bilateral corticospinal tract, IFOF, ILF,
SLF, UF, SCP, CP, retrolenticular part of

IC, PTR, SS; right ATR, CHp, SLF
temporal part, ALIC, PLIC, external

capsule, fornix stria terminalis; forceps
minor and major, MCP, pontine

crossing tract

7.52 (129, 83, 68)

DTI = diffusion tensor imaging; DKI = diffusion kurtosis imaging; NODDI = neurite orientation dispersion and density imaging; ICVF =
intracellular volume fraction; ODI = orientation dispersion index; ISO = isotropic volume fraction; HC = healthy control; NSTLC = no
or short-term L-carnitine treatment; LTLC = long-term L-carnitine treatment; ATR = anterior thalamic radiation; CCG = cingulum in
cingulate gyrus; IFOF = inferior fronto-occipital fasciculus; ILF = inferior longitudinal fasciculus; SLF = superior longitudinal fasciculus;
CP = cerebral peduncle; ALIC = anterior limb of internal capsule; PLIC = posterior limb of internal capsule; ACR = anterior corona radiata;
SCR = superior corona radiata; PCR = posterior corona radiata; PTR = posterior thalamic radiation; SS = striatum; SFOF = superior frontal
occipital fasciculus; UF = uncinate fasciculus; ICP = inferior cerebellar peduncle; SCP = superior cerebellar peduncle; MCP = middle
cerebellar peduncle; CC = corpus callosum.

3.6. DKI Analysis in Hemodialysis Patients with NSTLC and LTLC

On TBSS, AK was lower in the LTLC and NSTLC groups than in the HC group (Figure 4A,B,
Table 2). In RK and MK, bilateral white-matter tracts were widely lower in the NSTLC
group than in the HC group, whereas RK in a confined tract was lower in the LTLC group
than in the HC group, and there was no difference in MK between the LTLC and HC
groups (Figure 4C–E, Table 2). On TOI analyses, RK values in Lcc and Rifof and in Ratr,
Rcc, and Lslf were lower in the NSTLC group and in both the NSTLC and LTLC groups
than in the HC group (p < 0.05), respectively, whereas there were no differences in AK and
MK values (Tables S6–S8, Supplementary Materials).

3.7. NODDI Analysis in Hemodialysis Patients with NSTLC and LTLC

On TBSS analysis, the NSTLC and LTLC groups showed significantly lower ICVF in
bilateral subcortical white matter tracts than the HC group (Figure 5A,B, Table 2). In TOI
analyses, ICVF values in Latr, Ratr, Lcs, Rcs, Lcc, Rcc, fm, fmi, Lifof, Rifof, Lilf, Rilf, Lslf,
Rslf, Lslftemp, and Rslftemp were lower in both or either of the NSTLC and LTLC groups
than in the HC group (p < 0.05, Table S9, Supplementary Materials). In ODI analyses,
there were no significant differences among the three groups on TBSS and TOI analyses
(Table S10, Supplementary Materials). In ISO analyses, the LTLC group showed lower
values in right temporal, frontal, and occipital subcortical tracts than the HC and NSTLC
groups (Figure 5C,D, Table 2), whereas there were no differences in TOI values (Table S11,
Supplementary Materials).
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Figure 4. Comparison of TBSS of DKI among hemodialysis patients with NSTLC and LTLC and
healthy controls. Comparisons of DKI (AK, (A,B); RK, (C,D); and MK, (E) indices among hemodial-
ysis patients with NSTLC and LTLC and healthy controls are shown. TBSS analyses show that
hemodialysis patients treated with NSTLC have significantly lower AK, RK, and MK than healthy
controls (p < 0.05, (A,C,E)). Significant but limited low fiber tracts in AK and RK in hemodialysis
patients treated with LTLC compared to healthy controls are found (p < 0.05, (B,D)). The skeleton is
presented in green. To aid visualization, the results are thickened using the fill script implemented in
the FMRIB Software Library. AK, axial kurtosis; DKI, diffusion kurtosis imaging; LTLC, long-term
L-carnitine treatment; MK, mean kurtosis; NSTLC, no or short-term L-carnitine treatment; RK, radial
kurtosis; TBSS, tract-based spatial statistics.
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Figure 5. Comparison of TBSS of NODDI among hemodialysis patients treated with NSTLC and LTLC and healthy controls.
Comparisons of ICVF (A,B) and ISO (C,D) indices among hemodialysis patients treated with NSTLC and LTLC and healthy
controls are shown. TBSS analyses show that hemodialysis patients treated with NSTLC (A) and LTLC (B) have significantly
lower ICVF than healthy controls (p < 0.05). TBSS analyses show that hemodialysis patients treated with LTLC have
significantly lower ISO than hemodialysis patients treated with NSTLC (C) and healthy controls (D) (p < 0.05). The skeleton
is presented in green. To aid visualization, the results are thickened using the fill script implemented in the FMRIB Software
Library. ICVF, intracellular volume fraction; ISO, isotropic volume fraction; LTLC, long-term L-carnitine treatment; NODDI,
neurite orientation dispersion and density imaging; NSTLC, no or short-term L-carnitine treatment; TBSS, tract-based
spatial statistics.

3.8. Association of Cognitive Function Tests with dMRI in the Comparison between NSTLC and
LTLC Groups

Among the types of cognitive function tests, the LTLC group showed better achieve-
ment of TMT-A than the NSTLC group. Significant correlations were shown for the
associations of completion times of TMT-A with Ratr (r = 0.79, p = 0.001) in AD, Lcc (r =
−0.75, p = 0.002), Latr (r = −0.77, p = 0.001), and Rslf (r = −0.76, p = 0.002) in AK, and fm (r
= −0.79, p = 0.001) in ICVF (Table 3).
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Table 3. Association of completion time of Trail-making test A with tracts-of-interest on DTI, DKI, and NODDI between NSTLC and LTLC groups.

Region
FA AD RD MD AK RK MK ICVF ISO

R p R p R p R p R p R p R p R p R p

Whole 0.628 0.016 0.604 0.022 −0.741 0.002 * −0.591 0.026 −0.609 0.021 −0.547 0.043
Lcc −0.543 0.045 −0.745 0.002 *
Rcc −0.609 0.021 0.669 0.009 0.591 0.026 −0.565 0.035
Latr 0.679 0.008 0.6 0.023 −0.771 0.001 * −0.613 0.02
Ratr 0.793 0.001 * 0.554 0.04 0.648 0.012 −0.248 0.392 0.609 0.021
Lcs 0.644 0.013
Rcs 0.569 0.034 0.559 0.038
fm 0.569 0.034 0.678 0.008 −0.789 0.001 *
fmi −0.574 0.032 −0.644 0.013 −0.534 0.049

Lifof −0.613 0.02 −0.582 0.029
Rifof −0.648 0.012 −0.591 0.026
Lslf −0.613 0.02
Rslf −0.758 0.002 * −0.574 0.032
Lilf −0.556 0.039
Rilf −0.578 0.03

Rslftemp −0.587 0.027

Spearman’s rank correlation coefficient was used for comparison. * Values differed significantly (p < 0.05, FDR corrected). LCAR = L-carnitine; LTLC = large amount of total L-carnitine treatment; NSTLC = no or
short amount of total L-carnitine treatment; DTI = diffusion tensor imaging; DKI = diffusion kurtosis imaging; NODDI = neurite orientation dispersion and density imaging; FA = fractional anisotropy; AD = axial
diffusivity; RD = radial diffusivity; MD = mean diffusivity; AK = axial kurtosis; RK = radial kurtosis; MK = mean kurtosis; ICVF = intra-cellular volume fraction; ISO = isotropic volume fraction; ODI = orientation
dispersion index; FDR = false detection rate; L(R)atr = left(right) anterior thalamic radiation; L(R)cs = corticospinal tract; L(R)cc = cingulum (cingulate gyrus); L(R)ch = cingulum (hippocampus); fm = forceps
major; fmi = forceps minor; L(R)ifof = left(right) inferior fronto-occipital fasciculus; L(R)ilf = left(right) inferior longitudinal fasciculus; L(R)slf = left(right) superior longitudinal fasciculus; L(R)uf = left(right)
uncinate fasciculus; L(R)slftemp = left(right) superior longitudinal fasciculus temporal part.
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3.9. Histopathological Characteristics of an Autopsy Brain

A 75 years old Japanese man with NSTLC, with a previous history of diabetes mellitus,
diabetic retinopathy, and nephropathy, developed intracranial hemorrhage in the right tha-
lamus and was admitted to our hospital. Despite acute therapy for thalamic hemorrhage,
such as intravenous blood pressure-lowering drugs, glycerin, and hemostatic agents, the
thalamic hemorrhage worsened, and he died 9 days after admission. Postmortem examina-
tion showed that right thalamic hemorrhage was comorbid with intraventricular rupture,
but cerebral white matter was preserved depending on the location where microscopic
analyses were carried out (Figure 6A,B). On KB staining, moderate rarefaction of white
matter together with loss of myelin sheaths was found in the subcortical white matter
of the superior frontal gyrus (Figure 6C,D). The NFH staining showed that axons were
less sparse in the superior frontal gyrus (Figure 6E). Phosphorylated tau inclusions and
accumulations of amyloid beta in the hippocampus were not apparent (Figure 6F,G).

s

μ
μ

Figure 6. Postmortem study of a case of NSTLC. Macroscopic view of the bilateral cerebral hemispheres
shows that right thalamic hemorrhage is comorbid with intraventricular rupture (A), but subcortical
white mater is preserved (B), where histological analysis was carried out ((B), circle; (C–E)). Photomicro-
graphs of Klüber–Barrera ((C), scale bar: 5 mm; (D), scale bar: 200 µm), neurofilament heavy weight
((E), scale bar: 200 µm), phosphorylated tau (F), scale bar: 1 mm), and amyloid beta ((G), scale bar:
1 mm) staining.
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4. Discussion

4.1. Main Findings

The present study first explored the disorder of white-matter tracts using dMRI and
the impact of L-carnitine treatment for the white-matter tract injuries, as well as cognitive
dysfunction, in hemodialysis patients. The principal findings of the current study were
that impairment of white-matter tracts was robustly detected in hemodialysis patients
with pathological confirmation in an autopsy case, and these injuries were alleviated by
treatment with LTLC, along with reduction of hs-CRP levels. Furthermore, hemodialysis
patients treated with LTLC displayed better performance on TMT-A than hemodialysis
patients with NSTLC, and specific white-matter tracts that contributed to the achievement
of TMA-A were identified.

Previous studies showed that hemodialysis patients had mean MMSE scores rang-
ing from 20.7 to 25.7 points, and 24–87% of hemodialysis populations were categorized
as having dementia [2–4,25–28]. In the current study, MMSE and MoCA-J scores were
25.4 ± 3.5 and 23.9 ± 3.2 points, respectively, and the majority of the cases were considered
to have mild cognitive impairment, because the cutoff values of MMSE and MoCA-J were
found to be 27 and 25 points, respectively [29–31]. Importantly, the current data showed
that low FA, high RD and MD, and low RK were clearly seen in hemodialysis patients,
particularly in those treated with NSTLC. Furthermore, an autopsy study showed rar-
efaction of white matter and loss of myelin sheaths without the pathological hallmarks of
Alzheimer’s disease, which were consistent with those of vascular dementia [12,13]. Thus,
the present data showed that damage to microstructural organizations in cerebral white
matter can be a fundamental cause of cognitive decline in hemodialysis patients, which
was clearly shown by the correlation between dMRI and histopathology.

Several mechanisms for the development of cognitive dysfunction related to white-
matter diseases in hemodialysis patients have been proposed. First, concomitant atheroscle-
rotic vascular risk factors contributed to the cerebral small vessel diseases yielding silent
infarcts, white-matter lesions, and microbleeds, thereby causing vascular dementia [32–35].
Second, hemodialysis itself altered cerebral blood flow, which was previously shown by
positron emission tomography and transcranial Doppler [36,37]. Induction of acute fluid
shifts, intravascular volume loss, and brain edema, thereby leading to disorders of cerebral
tissue and metabolism, could occur. Third, oxidative stress, chronic inflammation, and
coagulopathy that were increased in end-stage renal disease may induce endothelial injury
and neuronal damage [3]. Alternatively, uremic toxins such as hyperhomocysteinemia,
guanidine compound, and cystatin-C have a role in neurodegeneration [38]. The present
data showed that long-term L-carnitine therapy improved white-matter structural dam-
age and TMT-A performance, along with a reduction in serum hs-CRP levels. It was
shown that L-carnitine reduced markers of oxidative stress and inflammation in end-stage
renal disease [14]. Our previous experimental research demonstrated that continuous
supplementation of L-carnitine for 28 days after cerebral chronic hypoperfusion resulted
in suppression of oxidative stress in oligodendrocytes, facilitation of myelin sheaths and
axonal outgrowth via the phosphatase and tensin homologue deleted on chromosome
ten/Akt/mammalian target of rapamycin pathway, protection from mitochondrial dys-
function, and improvement of cognitive dysfunction. Generally, 80% of the total plasma
carnitine is free carnitine, and 20% is acylated carnitine, with a normal acyl/free carnitine
ratio of 0.25 [39]. Free carnitine not only transports long-chain fatty acids to mitochon-
dria for subsequent β-oxidation, but also acts as a scavenger by eliminating toxic acyl
compounds from mitochondria; thus, an acyl/free carnitine ratio >0.4 indicates carnitine
insufficiency [39]. In the present data, although the acyl/free carnitine ratio was still
>0.4 after L-carnitine therapy, substantial increases in free carnitine levels could robustly
increase β-oxidation and ATP synthesis, thereby exerting pleiotropic effects and protect-
ing white-matter microstructure in hemodialysis patients. Furthermore, the present data
suggest that L-carnitine could be a potential candidate for novel therapeutic agents for
vascular cognitive dysfunction other than in hemodialysis patients.
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In the present comprehensive dMRI data, white-matter microstructural damage show-
ing low FA, high RD and MD, and low RK on DTI and DKI was more critical in NSTLC.
On the other hand, NODDI showed comparably low ICVF in LTLC and NSTLC, whereas
relatively lower ISO in LTLC comparing with NSTLC was seen in limited tracts. ICVF
indicates the density of neurites including axons and dendrites based on intracellular
diffusion, and ISO indicates the volume fraction of isotropic diffusion [7]. Considering
the previous experimental and the current results, although considerably lower neurite
density due to damage of neural tissues could occur, long-term treatment with L-carnitine
may alleviate injuries of white-matter microstructures, possibly due to suppression of
neuroinflammation, in hemodialysis patients. However, the sample size in the current
study was small, and a future prospective study with a larger sample size is warranted.

The LTLC group showed better achievement on the TMT-A than hemodialysis patients
in the NSTLC groups. TMT is a task to evaluate the ability to flexibly switch attention
between competing task-set representations and is denoted by the total time to comple-
tion [40]. The TMT-A is considered to reflect a baseline measure of psychomotor speed,
visuospatial search, and target-directed motor tracking [40,41]. Fundamentally, multiple
cognitive processes are thought to be implicated in performing the TMT; therefore, dif-
ferent brain regions and connecting fiber tracts are associated with completing the TMT.
Lesion–symptom mapping studies showed that the right frontal area, left rostral anterior
cingulate cortex, and left dorsomedial prefrontal lobe were related to impairments of TMT
performance in patients with central nervous system disorders such as stroke and brain
tumors [42–44]. The present comprehensive dMRI data showed that completion times for
TMT-A correlated with disorders of bilateral anterior thalamic radiations, the left cingulum
in the cingulate gyrus, the right superior longitudinal fasciculus, and forceps major. Thus,
the combination of DTI, DKI, and NODDI elucidated the neuroanatomical connections
related to performance on the TMT-A in hemodialysis patients for the first time.

4.2. Limitations

Some potential limitations of the current study must be considered when interpreting
the present results. First, the sample size was small, and this study was a nonrandomized,
cross-sectional study analyzing the therapeutic effects of L-carnitine for cognitive decline
and microstructural damage on dMRI in hemodialysis patients. Although there was a
significant difference in the total amount of L-carnitine between the LTLC and NSTLC
groups, the protocol of L-carnitine treatment was quite complicated, and the NSTLC group
was heterogenous in that it consisted of patients without L-carnitine treatment and patients
with short-term L-carnitine treatment. Thus, to explore the protective effects of L-carnitine
for disorders of white-matter fiber tracts and cognitive function, large-scale, prospective
longitudinal studies with an appropriate trial design are warranted. Furthermore, it is
important to explore the association of serum carnitine concentrations with microstructural
damage of cerebral white matter. Second, only one postmortem examination was per-
formed in the current study. The types of end-stage renal diseases in the enrolled patients
varied; therefore, there may have been heterogeneity in postmortem brain pathology. Third,
other medications including statins, antiplatelet drugs, and angiotensin II receptor blockers
might have antiatherogenic effects and could have affected the microstructural damage of
white-matter tracts and the neuropsychological status in hemodialysis patients.

5. Conclusions

The current data showed that L-carnitine may have neuroprotective roles against the
white-matter microstructural damage and cognitive impairment in hemodialysis patients. It
was found that DTI, DKI, and NODDI could certainly detect abnormalities of white-matter
fiber tracts in hemodialysis patients, consistent with rarefaction of white matter and loss of
myelin sheaths on histopathology. Long-term treatment with L-carnitine may ameliorate
white-matter microstructural injuries by possibly suppressing neuroinflammation and
improve achievement of TMT-A performance linked with protecting some candidate fiber
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tracts. Long-term treatment with L-carnitine can be a novel therapeutic approach for
vascular cognitive dementia in hemodialysis patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nu13041292/s1: Table S1. Means and standard deviations of scores on neuropsychological tests
in Japanese subjects by age group; Table S2. Tract-of-interest analysis for fractional anisotropy among
hemodialysis patients with no or short-term L-carnitine treatment, long-term L-carnitine treatment,
and healthy controls; Table S3. Tract-of-interest analysis for axial diffusivity among hemodialysis
patients with no or short-term L-carnitine treatment, long-term L-carnitine treatment, and healthy
controls; Table S4. Tract-of-interest analysis for radial diffusivity among hemodialysis patients with
no or short-term L-carnitine treatment, long-term L-carnitine treatment, and healthy controls; Table S5.
Tract-of-interest analysis for mean diffusivity among hemodialysis patients with no or short-term L-
carnitine treatment, long-term L-carnitine treatment, and healthy controls; Table S6. Tract-of-interest
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hemodialysis patients with no or short-term L-carnitine treatment, long-term L-carnitine treatment,
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hemodialysis patients with no or short-term L-carnitine treatment, long-term L-carnitine treatment,
and healthy controls.
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Abstract: Malnutrition is associated with poor clinical outcomes in stroke patients. The effect of
early nutritional intake after admission on home discharge is unclear. We evaluated the impact of
energy intake in the first week of hospitalization of acute stroke patients on home discharge and
activities of daily living (ADL). A retrospective cohort study was conducted with 201 stroke patients
admitted to an acute care hospital in Japan. The energy and protein intake during the first week were
evaluated. Multivariate models were used to estimate variables related to discharge destination and
ADL at discharge. The cut-off point of nutritional intake for determining the discharge destination
was evaluated using the receiver operating characteristic curve. Out of 163 patients included in
the analysis, 89 (54.6%) and 74 (45.4%) were discharged home and elsewhere, respectively. Those
discharged home had higher energy and protein intake than those discharged elsewhere. In multiple
regression analysis, energy intake was independently associated with ADL at discharge and home
discharge (odds ratio 1.146). Those with energy intake >20.7 kcal/kg/day had higher ADL at
discharge and more patients discharged home than those with energy intake <20.7 kcal/kg/day.
Energy intake during the first week affected home discharge in acute stroke patients.

Keywords: energy intake; home-discharge; activity of daily living; stroke

1. Introduction

Malnutrition in post-stroke patients results in increased mortality, complications, and
poor functional prognosis [1–3]. Malnutrition is associated with dysphagia and impaired
consciousness [3,4]. Prolonged starvation uses skeletal muscle for energy and causes
muscle loss and muscle dysfunction [5], leading to the onset or exacerbation of sarcopenia,
which is frequently observed in post-stroke patients, and stroke patients with sarcopenia
have poor improvement in physical and swallowing functions [6,7].

Energy intake after admission is associated with functional improvement at discharge.
In convalescent rehabilitation wards in Japan, energy intake during the first week after
admission is associated with activities of daily living (ADL) at discharge in post-stroke
patients [3]. In the acute phase, 26.4% of stroke patients are malnourished one week after
admission, and high energy intake in the first week improves ADL at discharge [1,3].

Sex, stroke category, severity, level of ADL, and nutritional status at admission have
been reported as factors predicting home discharge in acute stroke patients [8–11]. However,
the effect of early nutritional intake after admission on home discharge is unclear. In
addition, both energy and protein intake may affect the nutritional status of acute stroke
patients [1]; however, the effect of protein intake on the discharge destination is unknown.

Protein-energy malnutrition worsens ADL after 30 days of admission in acute stroke
patients [1] and may affect their discharge destination, because high ADL level is associated
with home discharge [8,11]. Therefore, in this study, we evaluated the impact of energy
and protein intake during the first week of admission on home discharge and ADL in acute
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stroke patients. The results suggest that early and active nutritional support in the acute
phase may affect functional prognosis and post-discharge destination.

2. Materials and Methods

2.1. Participants and Setting

We conducted a single-center retrospective cohort study at a 454-bed acute care
hospital in Niigata, Japan. We enrolled 201 consecutive patients who were admitted
between May 2020 and January 2021 with cerebral infarction and cerebral hemorrhage
within 48 h after onset. The presence of stroke was confirmed in all enrolled patients using
computed tomography or magnetic resonance imaging [12]. The exclusion criteria were
(1) missing data, (2) altered consciousness, (3) pacemaker implantation, (4) admission for
diseases other than stroke, and (5) death. The observation period was the duration of
hospitalization (from the date of admission to the date of discharge).

During the study period, 201 stroke patients were registered (Figure 1). Based on the
exclusion criteria, 38 patients were excluded: missing data (n = 18), altered consciousness
(n = 10), pacemaker implantation (n = 3), admission of diseases other than stroke (n = 5), and
death during hospitalization (n = 2). Finally, 163 participants (mean age 75.2 ± 12.6 years;
36.8% women) were analyzed.

 

’

Figure 1. Flowchart of the study population.

The rehabilitation program (up to 3 h/day), aimed at improving endurance, ADL
training, and dysphagia rehabilitation, was tailored to accommodate the functional abilities
and disabilities of the individual patient and included paralyzed-limb facilitation, range-of-
motion exercises, basic movement training (mainly for the legs), walking training, resistance
training, and aerobic exercises using an ergometer [13,14]. Rehabilitation therapy was
performed in a general way according to the patient’s functional abilities and disabilities.

2.2. Data Collection

Basic information was recorded at admission, such as age, sex, body mass index
(BMI), stroke type, stroke severity (based on National Institutes of Health Stroke Scale;
NIHSS), days from onset, and other laboratory data (serum concentration of albumin and
hemoglobin). Nutritional status was assessed using the Geriatric Nutritional Risk Index
(GNRI) [15,16], which was calculated from the serum albumin concentration and body
weight using the following equation: GNRI = [14.89 × albumin concentration (g/dL)] +
[41.7 × (actual body weight/ideal body weight)]. Ideal body weight was defined as a BMI
of 22.0 kg/m2. Skeletal muscle mass and handgrip strength were measured within 5 days
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of admission. The grip strength was measured using a Smedley hand dynamometer, and
the maximum value out of two measurements on each side was considered. In case of
paralysis, the value of the hand without paralysis was considered. If both hands could
not be measured due to coma, they were excluded from the handgrip strength results.
Skeletal muscle mass was assessed using bioelectrical impedance analysis using InBody
S10 (InBody, Tokyo, Japan), and the skeletal muscle index (SMI) was calculated based on
skeletal muscle mass [17]. Swallowing function was assessed using the Functional Oral
Intake Scale (FOIS) [18]. It was determined based on the dietary pattern after evaluation by
a speech therapist within 3 days of admission.

2.3. Nutrition Intake

Based on a previous study [19], we reviewed diet records to quantify the mean daily
nutritional intake during the first week after admission to the acute care hospital. Oral
intake was measured by the experienced nurses using visual estimation. Visual estimation
is commonly used in hospitals to evaluate food intake through the estimation of plate
waste [14], and it comprises visually estimating the food present before and after the plate
is provided to the patient. After the patient finished the meal, the nurse would register how
much food the patient has taken in on an 11 point scale of 0–10. The oral nutritional intake
was calculated from the amounts of calories and protein provided in the diet and amount
of dietary intake. Energy and protein content during enteral and parenteral nutrition were
collected from medical records. Energy and protein intake was defined as the mean value
of nutritional intake in the first week divided by body weight.

2.4. Outcome Measurement

The primary outcome was the discharge destination from the acute care hospital, and
this was categorized as home and others (convalescent rehabilitation hospital or nursing
facility).

The secondary outcome was ADL, which was assessed using the Functional Indepen-
dence Measure (FIM). The FIM score rates 13 motor and 5 cognitive activities on a scale of
1 (complete dependence) to 7 (complete independence). The total FIM score ranges from
18 to 126 points. A high FIM score indicates high activities of daily living [7]. The FIM gain
was defined as the FIM at discharge minus the FIM at admission.

2.5. Sample Size Calculation and Statistical Analysis

We divided the patients into two groups: those discharged to home and those dis-
charged to other facilities. To compare nutritional intake between the two groups, the null
hypothesis was rejected with a sample size of at least 64 participants in each group with
0.5 effect size, 0.8 detection power, and 0.05 alpha error.

The results are reported as mean (standard deviation, SD) for parametric data, as
median (25th to 75th percentile or interquartile range, IQR) for nonparametric data, and
as number (%) for categorical data. The unpaired t test, Mann–Whitney U test, and Chi-
square test were performed for comparison between the two groups. Multiple logistic
regression analysis was used to determine whether nutritional intake was independently
associated with home-discharge (primary outcome) from the acute care hospital. Based
on previous studies [10,20–23], we selected age, sex, stroke category, NIHSS score, length
of hospital stay, nutritional status, SMI, handgrip strength, swallowing function, FIM
score at admission, FIM eating at discharge, FIM gain, paralysis (lower limbs), and re-
habilitation time as covariates. If energy intake or protein intake had a significant effect
on home discharge, the cut-off point of nutritional intake for determining the discharge
destination was evaluated using the receiver operating characteristic (ROC) curve. We
used the value at which the Youden Index was the highest as a criterion for determining
the cut-off point. The patient characteristics were compared by dividing them into two
groups at the cut-off point. Multiple linear regression analysis was used to determine
whether nutritional intake was independently associated with FIM at discharge (secondary

75



Nutrients 2021, 13, 943

outcome). Using the same covariates (excluding FIM eating at discharge, FIM gain) as in
the logistic regression analysis, we investigated the effects of energy and protein intake
on ADL at discharge. Multicollinearity was assessed using the variance inflation factor
(VIF): VIF value between 1 and 10 was considered as the absence of multicollinearity. All
analyses were performed using SPSS version 21 (IBM, Armonk, NY, USA). p < 0.05 was
considered statistically significant.

2.6. Ethics

This study was approved by the Institutional Review Board of the study center
(02–024). Written informed consent could not be obtained because of the constraints
imposed by the retrospective study design, although the participants could withdraw
from this study at any time by using an opt-out procedure. This study was conducted in
accordance with the Declaration of Helsinki and ethical guidelines for medical and health
research involving human subjects.

3. Results

The baseline characteristics of the enrolled participants are summarized in Table 1.
Of these, 89 (54.6%) and 74 (45.4%) were discharged home and elsewhere, respectively.
The median FIM score at admission was 58 (IQR: 32–83), suggesting that a large num-
ber of patients were physically dependent at baseline. The NIHSS score at admission
was 5 (2–9) points. The median length of hospital stay was 19 (11–28) days. The me-
dian rehabilitation time was 60.4 (45.8–76.0) min/day. The home discharge group had
significantly younger patients (p < 0.001), more male patients (p = 0.011), and patients
with lower severity of stroke, milder motor paralysis, and shorter length of hospital stay
than the other discharge group (all p < 0.001). Moreover, SMI, handgrip strength, and
swallowing function (FOIS) at admission were significantly higher in the home discharge
group than the other discharge group (all p < 0.001). The rehabilitation time was signifi-
cantly longer in the other discharge group than in the home discharge group (p = 0.022).
The FIM score at admission in the other discharge group was 32 (20–51), and many pa-
tients required assistance for ADL. In contrast, the score in the home discharge group
was 80 (66–93), and some patients showed early onset independence. The FIM eating at
discharge was higher in the home discharge group (p < 0.001), but FIM gain was higher
in the other discharge group (p = 0.001). The energy intake in the home discharge group
was 23.5 (16.7–26.6) kcal/kg/day which was significantly higher than that in the other
discharge group (12.4 (9.3–18.4) kcal/kg/day). Similarly, the protein intake in the home
discharge group was 0.9 (0.8–1.1) g/kg/day, which was significantly higher than that in
the other discharge group (0.7 (0.5–0.9) g/kg/day).

Table 2 shows the results of the multivariate analysis according to the discharge desti-
nation and FIM at discharge. There was no multicollinearity between the variables. Multi-
ple logistic regression analysis showed that energy intake (odds ratio (OR) = 1.146, 95%
confidence interval (CI) = 1.029–1.276, p = 0.013), FOIS (OR = 1.450, 95% CI = 1.036–2.544,
p = 0.036), FIM at admission (OR = 1.039, 95% CI = 1.003–1.075, p = 0.033), and FIM eating
at discharge (OR = 1.651, 95% CI = 1.952–2.063, p = 0.045) were significantly associated with
home discharge. The Hosmer–Lemeshow test was p = 0.887 with high prediction accuracy.
The discriminative predictive value of this logistic regression analysis was 87.5%. This
result indicates that high energy intake is an independent predictor of home discharge. The
multiple linear regression analysis shows that energy intake (β = 0.131, p = 0.025), length
of stay (β = 0.108, p = 0.041), SMI (β = 0.164, p = 0.019), Handgrip strength (β = 0.166,
p = 0.028), FIM at admission (β = 0.349, p < 0.001), and Brunnstrom recovery stage (BRS)-
lower limb (β = 0.123, p = 0.049) were positively associated and NIHSS (β = −0.164,
p = 0.020) was negatively and independently associated with FIM score at discharge (Ad-
justed R2 = 0.799). Protein intake was not a significant variable for home discharge or FIM
score at discharge.
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Table 1. Comparison of patient characteristics between the two groups by discharge destination.

Total (n = 163) Home (n = 89) Other (n = 74) p–Value

Age (year) 75.2 (12.6) 71.4 (12.6) 78.4 (11.8) <0.001
Sex (male/female) 103/60 64/25 39/35 0.011
Body mass index (kg/m2) 22.8 (3.9) 23.1 (3.9) 22.3 (3.9) 0.205
NIHSS score 5 (2–9) 2 (1–5) 9 (6–14) <0.001
Stroke type
(infarct/hemorrhage) 129/34 75/14 54/20 0.077

Comorbidity (%)
Hypertension 109 (66.9) 61 (68.5) 48 (64.9) 0.547
Diabetes 54 (33.1) 26 (29.2) 28 (37.8) 0.244
Previous stroke 19 (11.7) 7 (7.9) 12 (16.2) 0.098
Atrial fibrillation 50 (30.7) 23 (25.8) 27 (36.5) 0.142

Side of lesion (right/left/both) 65/89/9 38/45/6 27/44/3 0.401

BRS
Upper limb 5 (3–6) 6 (5–6) 3 (2–5) <0.001
Hand-finger 5 (3–6) 5 (5–6) 3 (2–5) <0.001
Lower limb 5 (4–6) 6 (5–6) 4 (2–5) <0.001

Days from onset (day) 0 (0–0) 0 (0–0) 0 (0–0) 0.989
Length of hospital stay (day) 19 (11–28) 14 (10–19) 27 (20–34) <0.001

Laboratory data
Albumin (g/dL) 4.0 (0.5) 4.1 (0.5) 30.9 (00.5) 0.079
Hemoglobin (g/dL) 13.3 (2.1) 13.5 (2.1) 130.1 (20.2) 0.268

GNRI 103.3 (95.2–108.9) 104.7 (96.7–110.5) 101.0 (93.6–107.8) 0.275
SMI (kg/m2) 7.0 (6.0–8.1) 7.2 (6.3–8.6) 6.4 (5.4–7.6) <0.001
Handgrip strength (kg) 22.9 (14.0–30.2) 25.0 (18.5–33.0) 15.2 (8.6–20.0) <0.001
FOIS 5 (2–6) 6 (5–7) 2 (1–5) <0.001
Rehabilitation time (min/day) 60.4 (45.8–76.0) 54.8 (37.9–74.5) 64.0 (52.5–77.4) 0.022
FIM at admission 58 (32–83) 80 (66–93) 32 (20–51) <0.001
FIM eating at discharge 7 (5–7) 7 (7–7) 4 (2–6) <0.001
FIM gain 24 (11–40) 22 (11–40) 28 (11–39) 0.001
Energy intake (kcal/kg/day) 18.3 (12.1–24.7) 23.5 (16.7–26.6) 12.4 (9.3–18.4) <0.001
Protein intake (g/kg/day) 0.9 (0.6–1.0) 0.9 (0.8–1.1) 0.7 (0.5–0.9) <0.001

Mean (SD) or median (IQR) or subjects (%); BRS: Brunnstrom stage, GNRI: Geriatric Nutritional Risk Index,
SMI: Skeletal Muscle Mass Index; FOIS: Functional Oral Intake Scale, FIM: Functional Independence Measure;
Handgrip strength: Home (n = 78), Other (n = 42).

The ROC curve of energy intake for the determination of home discharge is shown in
Figure 2. The area under the curve (95% CI) for the energy intake was 0.795 (0.726–0.864).
Energy intake was a significant predictive variable (p < 0.001). The cut-off point of energy
intake for determining home discharge was 20.7 kcal/kg/day (sensitivity, 0.618; specificity,
0.838). Table 3 shows the evaluation of patients in each group divided according to the
cut-off point: those above the cut-off point (High Group) and those below the cut-off point
(Low Group). There was no significant difference in the GNRI between the two groups.
The length of hospital stay was significantly shorter in the High Group than in the Low
Group (p = 0.012). The FOIS and FIM scores at discharge and home discharge rate were
significantly higher in the High Group than in the Low Group (all p < 0.001).
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Table 2. Multivariate analysis for home discharge and FIM at discharge.

Home–Discharge #1 FIM at Discharge #2

OR (95% CI) p–Value β p-Value

Age 0.966 (0.903–1.034) 0.323 −0.065 0.131
Gender (male) 1.160 (0.214–6.293) 0.864 −0.048 0.302
Stroke type(infarction) 0.466 (0.079–2.729) 0.397 −0.084 0.109
NIHSS 0.836 (0.637–1.098) 0.198 −0.164 0.020
Length of stay 0.974 (0.937–1.012) 0.180 0.108 0.041
GNRI 1.012 (0.977–1.048) 0.514 0.060 0.205
SMI 1.137 (0.551–2.345) 0.729 0.164 0.019
Handgrip strength 1.057 (0.922–1.212) 0.425 0.166 0.028
FOIS 1.450 (1.036–2.544) 0.036 0.070 0.278
FIM at admission 1.039 (1.003–1.075) 0.033 0.349 <0.001
FIM eating at discharge 1.651 (1.952–2.063) 0.045
FIM gain 1.042 (0.979–1.109) 0.193
BRS-lower limb 0.819 (0.432–1.549) 0.539 0.123 0.049
Rehabilitation therapy 0.968 (0.941–1.083) 0.074 0.109 0.121
Energy intake 1.146 (1.029–1.276) 0.013 0.131 0.025
Protein intake 0.104 (0.006–1.739) 0.115 0.063 0.264

#1 Multiple logistic regression analysis, #2 Multiple linear regression analysis; NIHSS: National Institutes of Health
Stroke Scale, GNRI: Geriatric Nutritional Risk Index; SMI: Skeletal Muscle Mass Index, FOIS: Functional Oral
Intake Scale; FIM: Functional Independence Measure, BRS: Brunnstrom stage.
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Figure 2. Receiver-operating characteristic curve analysis for home-discharge. The cut-off points
of energy intake for determining home discharge rate were 20.7 kcal/kg/day (sensitivity 0.618,
specificity 0.838, area under the curve 0.795, 95% confidence interval 0.726–0.864, p < 0.001); the circle
indicates cut-off point.

Table 3. Comparison between two groups divided by cut-off point of energy intake.

High Group (n = 67) Low Group (n = 96) p-Value

Length of hospital stay (day) 14 (10–24) 22 (16–31) 0.012
GNRI 103.3 (94.7–108.3) 102.9 (95.1–109.4) 0.270
FOIS 6 (5–7) 4 (1–5) <0.001
FIM at discharge 122 (97–126) 78 (40–111) <0.001
Discharge to home (%) 55 (82.1) 34 (35.4) <0.001

Median (IQR) or subjects (%); GNRI: Geriatric Nutritional Risk Index, FOIS: Functional Oral Intake Scale; FIM:
Functional Independence Measure; two groups divided by cut-off point of energy intake (20.7 kcal/kg/day).
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4. Discussion

In this study, we reported the relationship between nutritional intake and discharge
destination in the early phase of hospitalization in acute stroke patients. We report that in
acute stroke patients: (1) energy intake during the first week of admission was indepen-
dently associated with home discharge; (2) 20.7 kcal/kg/day might be the cut-off point for
predicting home discharge; (3) protein intake was not related to home discharge and the
level of ADL at discharge.

Energy intake in the early phase after onset in acute stroke patients is associated
with functional prognosis. In a previous study on acute stroke patients, high energy
intake in the early phase after onset resulted in significant improvements in ADL [24].
Kokura et al. measured energy intake for one week after admission and compared it with
the basal energy expenditure calculated using the Harris–Benedict equation [19]. They
reported that the energy-sufficient group had a higher FIM gain at discharge than the
energy-deficient group, and many patients had improved nutritional status. However, only
39.1% of patients were energy-sufficient, indicating that many acute stroke patients had
inadequate energy intake [19]. Malnutrition is present in 26.4% and 35% of acute stroke
patients in the first and second week after admission, respectively [1]. In this study, we did
not assess body weight at discharge, so we did not know how many patients lost weight
due to energy deficient. Aggressive nutritional support in the early phase after onset,
when there is a high risk of malnutrition, may lead to significant improvements in ADL.
Moreover, it has been reported that a high level of ADL was associated with high home
discharge rate [10,11,21,25]. This evidence supports our findings. Furthermore, consistent
with previous studies, this study reports that good swallowing function was independently
associated with home discharge [8,9]. Therefore, early detection of dysphagia is essential
in the nutritional management of post-stroke patients, including dietary modification.

Energy intake predicting home discharge was 20.7 kcal/kg/day in this study popula-
tion. High energy intake patients above this cut-off point exhibited higher ADL recovery
and home discharge rates than those below the cut-off point. In a previous study on
acute stroke patients, the energy sufficient group (median: 21.5 kcal/kg/day) had a higher
ADL recovery than the deficient group (median: 10.3 kcal/kg/day) [18]. Acute stroke
patients with inadequate energy intake (median: 11.6 kcal/kg/day) reported more loss
of quadriceps muscle on the non-paralyzed side than those with adequate energy intake
(median: 24.0 kcal/kg/day) [19]. Therefore, the cut-off point of this study supports the
findings of previous studies. Contrarily, in convalescent rehabilitation hospitals, post-
stroke patients with severe malnutrition (GNRI < 82) had an average energy intake of
26.9 kcal/kg/day [16]. However, the study reported that this energy intake may not be
sufficient to improve weight loss in patients with severe malnutrition [16]. Thus, it is
necessary to provide appropriate energy intake depending on the phase of the disease and
the status of malnutrition.

In this study, protein intake did not affect the discharge destination or FIM score at
discharge. There are two possible reasons for this. First, the participants of this study
included patients who were provided with a protein-restricted diet due to renal dysfunction.
In the elderly, 1.0–1.2 g/kg/day of protein intake is recommended to maintain or improve
lean body mass [26,27]. However, it is possible that some patients were provided with a
diet with less protein content than recommended due to renal dysfunction. Second, protein
quality may affect protein intake. Randomized controlled trials in Japan showed that
the combination of “leucine-rich” or “branched-chain amino acid intake” and “resistance
training” improved muscle mass, strength, and physical function in stroke patients with
sarcopenia [28–30]. Therefore, the intake of high-quality amino acids, but not total protein
content, may predict the discharge destination and functional prognosis of stroke patients.

The present study has several limitations. First, because it was a retrospective cohort
study in a single acute care hospital, we cannot generalize the results, eliminate potential
confounders, or prove a causal relationship between energy intake and discharge destina-
tion. Second, nurses visually assessed nutritional intake, the main parameter, which may
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have resulted in measurement errors. Third, the physical functions of patients with im-
paired consciousness could not be accurately assessed. For example, the handgrip strength
of coma patients was excluded. Fourth, we did not record the foods that family members
brought from the outside. It is possible that they are taking in more nutrients than we have
assessed. These limitations can be overcome by conducting a prospective cohort study at
multiple centers. In the future, it will be necessary to examine the relationship between
energy intake and discharge destination in interventional studies.

5. Conclusions

Energy intake during the first week of admission is associated with discharge des-
tination and ADL at discharge in acute stroke patients. This finding suggests that early
detection of nutrition-related factors, such as dysphagia and aggressive nutritional support,
may enhance home discharge in this setting.
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