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Abstract: Aging is an inevitable process that impacts the peripheral and central nervous systems and
is considered one of the strongest risk factors for neurodegenerative diseases. In addition, when it also
presents with diabetes mellitus, the risk of neurological damage may be further increased. This current
study aimed to explore the relationships between peripheral sensory system decline and cognitive
functions, the symptoms of depression, and quality of life (QoL) as metrics of central nervous system
impairment in institutionalized older adults. A total of 95 individuals participated in this case-control
study, which included diabetics and non-diabetics. The superficial sensory pathway was assessed
in terms of thermal sensation, nociception, and non-discriminative touch, and the deep sensory
pathway was evaluated by assessing vibration and light touch-pressure sensations. To assess function
at the intellectual level, the Mini-Mental State Examination (MMSE) and Trail Making Test (TMT)
cognitive functional tests were used, while the symptoms of depression and QoL were explored
by employing the Yesavage Geriatric Depression Scale and EuroQol 5D questionnaire (EQ-5D),
respectively. In the overall population analyses, altered thermal sensation was significantly associated
with cognitive impairment (CI; p < 0.05). In turn, bivariate analyses and a binary logistic regression
showed that the symptoms of depression and QoL were significantly related to altered vibratory
sensation when assessed using a medical tuning fork (p < 0.05). In the group of diabetic patients,
those with CI also had significantly lower thermal sensation (p < 0.05) and non-discriminative touch
sensation, although this was only a trend (p = 0.055). Diabetics with depression had a significantly
worse non-discriminative touch (p < 0.05) and vibratory sensation when tested with a tuning fork
(p < 0.05). In addition, poorer QoL was associated with reduced sensitivity to heat (p < 0.05), light
touch pressure (p < 0.05), and vibrations when assessed either with a tuning fork (p < 0.05) or a
biothesiometer (p < 0.05). In contrast, no relationships were found between sensory functions and
cognitive assessments in non-diabetic patients. These findings indicate that superficial sensitivity
damage was related to CI, while deep sensation alterations were related to depression and poor QoL,
with diabetes apparently further strengthening these relationships.

Keywords: somatosensory functions; deep sensory pathway; superficial sensory pathway; cognitive
impairment; the symptoms of depression; aging; diabetic neuropathy

1. Introduction

The aging process affects all the cells, tissues, and organs of the body, including the
central and peripheral nervous systems. The latter undergoes structural and functional
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changes that alter some brain functions to different degrees and increase the risk of de-
veloping a variety of diseases. In the peripheral nervous system, changes in nerves may
include reducing the density of myelinated and unmyelinated fibers, with a reduction
in their diameter, lower conduction velocity, and reduced sensory and motor potential
amplitudes and fiber demyelination, all of which impact the timing of neural signals [1,2].
Morphological modifications in sensory receptors, as well as a reduction in their size and
number, also occur with increased age [3–5]. Furthermore, with increased age, there is
a decline in light touch pressure [6,7], vibratory sensation [8,9], and proprioception [10]
(transmitted by peripheral large, myelinated fibers), as well as in thermal sensation [8,11,12]
and pain [13], both of which are transmitted by small, unmyelinated fibers.

Moreover, at the level of the central nervous system, physiological changes in the
functioning of the brain also occur with age. During aging, there is a decline in the
adult neurogenesis process, which generates neurons in specific brain areas, and this
substantially affects cognitive health [14]. The effect of aging on the brain’s morphology
exhibits significant spatial and temporal variation. It is estimated that the longitudinal
decrease in overall brain volume in individuals without dementia is around 0.45% per
year in the range of 18 to 97 years of age. The most prevalent features of an aged brain are
cortical thinning, white matter loss, decreased grey matter, ventricular enlargement, loss of
gyrification, sulcal widening, and an increase in its depth [15]. Regarding brain vascular
aging, some of the main characteristics are arterial stiffness and damage to blood vessels, a
decrease in capillary density, and an increase in blood–brain barrier permeability. The most
prominent features of vascular aging are associated with cerebral small vessel disease [15],
which is a recognized and leading cause of stroke, disability, and cognitive impairment in
the elderly [16]. There is a clear relationship between vascular aging and morphological
changes in brain aging. Pathological-anatomical cerebral lesions such as white matter
hyperintensities, lacunes, microbleeds, and enlarged perivascular spaces are recognized
today as manifestations of cerebral blood vessel disease [17]. Cerebral small vessel disease
defines a group of diseases that affect small arteries, arterioles, venules, and capillaries of
the brain and encompasses several pathological processes and etiologies [15]. Some of these
pathologies are intracranial atherosclerosis, cerebral arteriosclerosis, and cerebral amyloid
angiopathy [15]. Impairment of brain perfusion and cerebral blood flow may precede the
clinical onset of dementia, thus leading to the hypothesis that cerebral hypoperfusion is one
of the mechanisms by which vascular disease may contribute to neurodegeneration [18].
As a result of aging changes in the brain, a decline in cognitive domains such as memory,
reasoning, and processing speed [19], as well as in executive functions [20], has been
observed with age. These changes can lead to cognitive disorders in some cases, meaning
that the aging process represents the greatest risk factor for neurodegenerative disorders
such as cognitive impairment (CI), Alzheimer’s disease, and other dementias [21–23].

In this context of the decline of the central and peripheral nervous systems during
aging that impacts multiple neurological functions, there is a shortage of studies dedicated
to investigating relationships between the deterioration of central and peripheral func-
tions. Indeed, to our knowledge, only one recent study examined relationships between
peripheral neuropathy and cognitive functions, which showed that cognitive performance
decreases as the severity of peripheral neuropathy increases in older adults [24]. Studying
connections between physiological aging of the central and peripheral nervous functions
could provide relevant information on the pathophysiological processes of nervous damage
and may allow the expansion of knowledge on therapeutic targets and preventive measures.

On the other hand, depression, another central nervous system disorder and a common
geriatric syndrome that affects 28.4% of older adults around the world [25], has been associ-
ated with aging processes. At the molecular level, substantial evidence supports the role of
several biological processes in the development of depression. These processes encompass
alterations in monoaminergic neurotransmission, disruptions in stress hormone regulation,
diminished neurotrophic support, metabolic irregularities, immune responses, heightened
inflammation, oxidative stress, and impaired mitochondrial function. Additionally, other
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aspects related to brain plasticity and synaptic functions are also involved. Interestingly,
analogous changes have been observed in the context of aging, leading to the conjecture
that major depression could be linked to a phenomenon of “accelerated aging”. These
findings underscore the potential interplay between depression and aging processes [26].
Another important aspect that may contribute to the pathogenesis of depression in old
age is vascular damage to the frontal and subcortical circuits involved in the regulation
of mood and cognition [18]. Indeed, subcortical ischemic disease, which encompasses
conditions such as silent lacunar infarcts and white matter lesions, is often connected not
only to cognitive decline even in the absence of dementia but also to the occurrence of
late-life depression, also known as “vascular depression” [18,27].

Depression has been related to CI in numerous studies on the older population [22,28–31].
Nonetheless, although associations between depression and central nervous function
damage during aging have been investigated, as in the Leukoaraiosis And DISability
(LADIS) study, which has contributed substantially to this body of knowledge [17], to
date, no studies have explored the relationship between depression and peripheral sensory
impairment, which also happens with age. This is potentially important because the
impact that the decline in sensory functions has on mental health affects mobility and
balance. Lack of somatosensory information, which is indispensable to controlling posture
and gait, can lead to postural instability, loss of independence, and an increased risk of
falling and fall-related injuries [32–34], which have all been associated with depression
and poor quality of life (QoL) in older adults [35]. More studies along these lines have
been carried out in the diabetic population to analyze the relationships between peripheral
sensory neuropathy and the symptoms of depression, although more evidence is still
required in this respect. In this sense, diabetic peripheral neuropathy has been associated
with depression because of how its symptoms impact mental health, limit activities of
daily living (ADL), and change self-perception [36]. However, it could be that there were
more underlying mechanisms justifying these relationships between the development of
depression and peripheral nervous damage.

Furthermore, the risk of neurological impairments caused by aging may be increased
when other pathological conditions such as diabetes mellitus (DM), depression, hyperten-
sion, hypercholesterolemia, and obesity are also present [37]. In particular, diabetes mellitus
is a major public health problem with a rising prevalence worldwide. In 2021, 536.6 million
people had diabetes, representing about 10.5% of the world population; 90% of the patients
with diabetes are type 2 diabetics. This estimate is expected to increase to 783.2 million
of the population by 2045. Prevalence increases with age, with the highest prevalence of
diabetes (24.0%) observed in those aged 75–79 years of age [38]. DM is the most common
factor in peripheral neuropathy, and it is estimated that at least 50% of diabetic individuals
will develop this condition during their lifetimes [39–41]. Impairment of sensory functions,
starting from the earliest stages of the disease, is the most common manifestation of DM
and includes damage to every form of sensitivity, i.e., proprioception and thermal, pain,
vibration, and light touch-pressure sensation [42]. In addition to peripheral nerve damage,
there is also evidence that DM affects the central nervous system. Indeed, several studies
have shown that type 2 DM is associated with CI in older adults [43–45], with the reported
detection of reduced reasoning speed [46,47], memory [46,48], and executive functions in
these patients [47,48]. Some work [49,50] has examined the relationships between periph-
eral and central nervous system damage in diabetic patients. However, the exploration of
sensory functions has not yet been explored in depth, and many aspects of this field still
require clarification.

Loss of somatosensory feedback in the lower limbs caused by neuropathies or ad-
vancing age contributes to gait alterations and poor postural control that eventually affect
the ADL and increase the risk of falls [51]. In this context, diabetes mellitus is associated
with an increased risk of falls due to diabetic complications such as sensory and motor
diabetic neuropathy, retinopathy, or vestibular dysfunction [52]. Diabetic peripheral neu-
ropathy may lead to foot ulcers, infections, and foot amputations, further aggravating the
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situation [53–55]. In fact, older people with type 2 DM have a greater risk of falling than
healthy older individuals [56,57], and it is estimated that 25% of diabetic patients aged
over 65 years have suffered falls compared to 18% among their non-diabetic peers [52]. In
addition to the multi-organic complications of diabetes mellitus, chronic hyperglycemia, ad-
vanced glycated end products, and oxidative stress lead to osteoporosis. Diabetes-induced
osteoporosis increases the risk of falling and post-trauma morbidity, especially in older
individuals, which impacts their quality of life [58]. In addition, CI is also a factor associated
with a higher risk of falling, and people with dementia have an up to eight-times higher
incidence of falls and worse fall-related injuries than healthy people [59,60]. All these com-
plications can lead to a higher dependency rate for the ADL, increased institutionalization
and symptoms of depression, and subsequently, lower QoL [59–61].

Thus, studying the connections between peripheral and central nervous impairment
in older adults may be useful to improve our scientific understanding of this issue and
enhance its prevention and management to avoid complications during aging and improve
the QoL of older adults. Therefore, the aim of this present study was to analyze the
relationships between the decline in peripheral sensory functions and cognitive functions,
the symptoms of depression, QoL, and functional assessment results in older adults.

2. Methods

This was a case-controlled study of diabetic and non-diabetic patients conducted on
institutionalized individuals to explore the relationships between cognitive functions, the
symptoms of depression, and peripheral sensory neuropathy. The data were collected by a
medical doctor, a psychologist, and a group of nurses and podiatrists. The evaluations were
performed in three nursing homes located in Valencia province (Spain) between January
2021 and January 2022. This work was completed with the approval of the University of
Valencia Ethics Committee for Human Research (Reference: H20190330195344). According
to our research proposal, three participating institutions were contacted to propose their
engagement in the study. The residents and their families at these centers were then
contacted to explain the objectives and procedures involved in the study; their signed
informed consent was obtained before they participated in the research. All the procedures
carried out in this work were undertaken in accordance with the ethics standards set out in
the Declaration of Helsinki.

The participants were selected according to the following inclusion criteria: (1) Both
sexes and (2) patients aged 60 years or older. The exclusion criteria were: (1) Any patients
with cancer; (2) individuals with trouble understanding the assessment questions because
of CI or other causes; (3) patients with non-controlled psychiatric pathologies; and (4) any
individuals with active ulcers of the feet that made their evaluation impossible. In addition,
the following sociodemographic variables were collected: age, sex, marital status, education
level, and some pathologies and clinical alterations such as diabetes mellitus, hypertension,
hypercholesterolemia, atrial fibrillation, renal insufficiency, and the diagnosis of cognitive
impairment and depression prior to this study. The presence of peripheral arterial disease
(PAD) was determined by the ankle-brachial index test (ABI), a well-recommended method
for screening for the presence and progression of PAD [62,63]. As for diabetes, the type,
drugs, and dosage were collected. In addition, the data on HbA1c were recorded from an
analysis provided by diabetic patients less than 3 months old as a glycemic control measure.

Sensory neuropathic tests, carried out by nurses and podiatrists, and functional and
mental assessments, conducted by the medical doctor, were performed on each participant,
as described below.

2.1. Neuropathic Sensory Assessment

Neuropathic sensory assessment was carried out before the mental and functional
evaluations to avoid researcher judgment bias in the patient’s responses during the sen-
sory examination. Quantitative sensory testing in the feet was performed to evaluate the
deep and superficial sensory pathways. The superficial sensory pathway was assessed by
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measuring thermal sensation, nociception, and by performing non-discriminative touch
tests. Deep sensation was evaluated by testing vibration and light touch-pressure sen-
sations [64,65]. Different tests were used for each participant to evaluate these sensory
modalities. Before assessing each sensation by applying the tests to the participant’s feet,
the test procedure was explained, and a trial was performed on their hand so that they
would have an idea of the stimulus to expect. The procedure and instructions were repeated
as many times as necessary given that some of the patients had CIs. The participants were
asked to indicate verbally or physically when they noticed the stimulus in each test. To
avoid bias, we did not ask the participants if they had perceived the stimulus after each
stimulation. During the evaluation, the patients sat or lay down with their bare feet raised;
a screen at the level of their legs prevented them from observing the tests. Any sites on the
participant’s feet with sensory impairments were noted.

2.1.1. Superficial Sensory Pathway

Nociception was assessed by performing a pinprick test (Neuropen®) at six different
sites on each foot: The plantar tip of the big toe, the first and fifth metatarsal heads, the
lateral and medial plantar arches, and near the nail folds of the big toes. Before performing
the test, the procedure was demonstrated to the patients by using the blunt and sharp ends
of the tool on their hands so that they could differentiate between the prick and touch
stimuli. The sharp tip was pressed perpendicularly to the skin on each plantar and dorsum
site, and the pressure was maintained for 1 s. The nociception test was considered abnormal
when the painful stimulus was not noticed in the foot dorsal area or near the nail [66,67].
In turn, non-discriminative touch or tactile sensation was evaluated by passing a cotton
wisp over the dorsum of the big toe, with reduced sensitivity being considered when the
patient did not notice the stimulus [66].

Thermal sensation was measured using Rolltemp II® (Somedic SenseLab AB, Sösdala,
Sweden) equipment. This instrument was designed to distinguish normal and abnormal
thermal sensations and comprises two metal rollers with handles that are heated or cooled
to evaluate heat and cold on the body surface. The base of the instrument consists of two
plates; one heats the heat roller to 40 ◦C and the other cools the cold roller to 25 ◦C. Thermal
sensation was evaluated on three areas (the dorsum of the foot and two plantar areas at the
level of the first and fifth metatarsal heads) by applying the metal roller over the skin on
these three areas. When the patient did not correctly detect the temperature of the roller, we
noted whether the altered thermal sensation had been due to heat, cold, or both. We defined
abnormal thermal sensation as cold, heat, or both when the patient was unable to differentiate
these stimuli in the dorsal area of the big toe, as also reported elsewhere [68–71].

2.1.2. Deep Sensory Pathway

Light touch pressure was assessed by performing a 5.07/10 g Semmes–Weinstein
monofilament test (SWMT). The monofilament was applied to 10 areas of each foot, 1 on
the dorsal area and 9 on the plantar surface: The foot dorsum; the plantar surface of the
first, third, and fifth toes; the first, third, and fifth metatarsal heads; the medial and lateral
arches; and the heel. The monofilament was applied perpendicular to the skin and pressed
until it folded. After maintaining the pressure for a second, the monofilament was removed,
and the next area was evaluated [66,72,73]. The application of the instrument was avoided
on ulcers, necrotic areas, or calluses [74]. The test outcome was considered altered when
the monofilament application was not noticed in 4 of the 10 areas on each foot [75,76].

Vibratory sensation was examined using two instruments: A 128-Hz Rydel–Seiffer
medical tuning fork and a biothesiometer. These were applied at five bone prominences
on each foot: The dorsum of the big toe; the medial and lateral malleolus; and the first
and fifth metatarsal heads [74,77,78]. The tuning fork was hit against the hand of the
examiner to make it vibrate, and it was then applied over the bone prominences. The
instrument vibrated in an intensity range of 8 to 0, and the participants indicated when
they stopped noticing the stimulus. We then recorded the corresponding vibration intensity.
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Abnormal results were considered when the vibration was not perceived on the dorsal
area of the big toe at vibration intensities ≤4 in individuals aged over 60 years or at ≤6
in individuals under 60 years [66]. For the biothesiometer test, a handle vibrating at an
intensity of 25 volts was applied to the bone prominences. If the patient did not notice
the stimulus, the vibration intensity was increased until we reached the maximum of
50 volts. On the contrary, if the patient noticed the vibration at 25 volts, the intensity was
decreased until they stopped detecting it. The weakest vibration intensity the patient was
able to perceive was recorded. Vibratory sensation was considered deficient when the
participant was unable to perceive the stimulus at 25 volts or more on the dorsal area of the
big toe [67,77–81].

2.2. Mental and Functional Assessment

The mental evaluation comprised a cognitive examination and assessment of the symp-
toms of depression and QoL using several tools. Regarding cognitive impairment, patients
who met any of the mild cognitive impairment (MCI) inclusion criteria were included,
as were other patients who did not meet them and were included as healthy controls.
Mild cognitive impairment criteria include: (1) memory complaint; (2) general cognitive
function decline; (3) object memory impairment; (4) minimal functional impairment; and
(5) dementia diagnosis [82].

First, we tried to create a comfortable environment for the patient and gain their
confidence. Throughout the process, we avoided pressuring participants on any items
they found difficult and tried to praise their successes. First, the Mini-Mental State Exam-
ination (MMSE) is a fast, 30-point questionnaire commonly used to detect and measure
CI by evaluating certain cognitive domains, including spatial and temporal orientation,
immediate and delayed memory, concentration, attention, calculation, and language, with
a cut-off point of 24 points [83–86]. We used the version of the questionnaire adapted to
Spanish, and the final score was adjusted according to education level and age before its
interpretation, as previously described [87]. Participants who scored equal to or less than
24 points were considered cases with CI.

Second, the Trail Making Test (TMT) is widely used in neuropsychology to evaluate
brain damage by assessing executive functions that depend on thought and action and are
therefore influenced by a cognitive component. The TMT consists of connecting sequences
in a predetermined order and comprises two parts. Part A (TMT-A) requires the participant
to join a series of numbers from 1 to 25 in ascending order. In part B (TMT-B), participants
must join a sequence of numbers from 1 to 13, interspersed with the letters from A to
L, in ascending order [88]. The TMT-B involves much more effort than the TMT-A [88],
and most individuals did not perform this second part in our study, so it was excluded
from our analysis. When implementing the test, it was first explained with a practical
example. Once the patient understood the procedure, they performed it on their own
while they were timed. If the participant made an error, the researcher indicated it, and the
patient continued the test. If the participants were unable to perform or continue the test, it
was discontinued. The test score depended on the completion time and was interpreted
according to the age and education level of the participant, as previously set out [89].

Third, the Yesavage Geriatric Depression Scale is one of the most widely used tools to
diagnose depression in the older population. Its short version comprises 15 questions with
dichotomous (yes or no) answers. The maximum score of the scale is 15 points; a score equal
to or greater than 5 indicates the presence of depression; from 5 to 9 is considered mild
depression; and a score above 10 indicates moderate to severe depression. Because cultural
factors affect this scale, the version adapted and validated in Spanish was used [90,91].

Fourth, the EuroQol 5D questionnaire (EQ-5D) is useful for evaluating changes in
QoL and for programming interventions. It evaluates five dimensions (mobility, self-care,
daily activities, pain/discomfort, and anxiety/depression) with three levels of answers
for each one: (1) The patient has no problems; (2) they have moderate problems; or (3)
the participant has severe problems [92]. Responses to the five dimensions generated a
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combination of five values, which was converted into a useful QoL index value as described
by Herdman et al. [93]. This index, which considered cultural and economic factors, ranged
from 1 (best health status) to 0 (death), with negative values indicating health states
considered worse than death [93]. Normative data for European countries adjusted by age
group and sex were then used as a reference [94] to categorize the calculated indices as a
poor or acceptable QoL.

Fifth, to assess the functional status, we administered the Spanish version of the
Barthel index (BI) [95]. The BI is a key tool to measure a patient’s degree of independence
for the ADLs and has a total potential score of 100 points. The index evaluates 10 ADLs:
feeding, grooming, bathing, toileting, transfers (bed to chair and back), ambulation (on
level surfaces), stair climbing, and bowel and bladder control. A score of 100 indicates
independence for the ADLs, while a value below 100 indicates some degree of depen-
dence (0–20: total dependence; 21–60: severe dependence; 61–90: moderate dependence;
91–99: mild dependence; and 100: independence) [95]. The responses of the participants
were subsequently cross-checked with their families or caregivers to ensure that their scores
corresponded to their real level of independence for the ADLs.

2.3. Statistical Analysis

During the descriptive analysis, the quantitative variables were examined to deter-
mine their means, standard error means, and maximum and minimum values, while the
categorical variables were analyzed to determine their frequencies and percentages. To
assess the data distribution, Kolmogorov–Smirnov (n ≥ 50) and Shapiro–Wilk (n < 50) tests
were employed, with most of the variables showing a non-normal distribution. In the
bivariate analysis, nonparametric Mann–Whitney U tests were used when the data had
a non-normal distribution, and Student t-tests were used for parametric data. Finally, a
binary logistic regression analysis using the backward method was employed to identify
which independent variables were significantly related to the outcome variables (CI and
the symptoms of depression) in a multivariate analysis. Throughout the analysis, a 95%
confidence level and a statistical significance of p < 0.05 were employed. SPSS software
(v25.0, IBM Corp., Armonk, NY, USA) was used to analyze the data.

3. Results
3.1. Description of the Sample

A total of 95 individuals, 38 (40%) men and 57 (60%) women, with a mean age of
80.24 (±1.13) years, were included in the study; 30 (31.9%) participants were aged under
75 years, while 64 (68.1%) were over 75 years old. The sociodemographic and geriatric
evaluation data for the cohort are shown in Table 1.

Of 95 participants, 54 (56.8%) were non-diabetics, while 41 (43.2%) were diabetic, of
whom 5 (12.2%) had type 1 DM and 36 (87.8%) had type 2 DM. In our sample, diabetes
was a long-standing disease, with patients living with this condition for a duration ranging
from 10 to 40 years. Regarding disease management, 51.6% of the patients had good
glycemic control (HbA1c ≤ 7%), while 48.4% had poorly controlled diabetes (HbA1c > 7%),
according to the American Diabetes Association (ADA) [96]. 4 (9.8%) of the patients in the
sample did not receive treatment for diabetes; 7 (17.1%) received insulin; 28 (68.3%) took
oral antidiabetic drugs; and 2 (4.9%) patients received a combination of both. Table 2 shows
the drugs for diabetes treatment and dosages for diabetic patients included in the study.

Other pathologies and clinical alterations of the sample in the overall population and
the diabetic and non-diabetic groups are shown in Table 3.

As for cognitive functions and symptoms of depression, 62.7% of participants had
no familiarity with cognitive impairment before our study, 18.1% were diagnosed with
Alzheimer’s disease, and 19.3% with cognitive impairment and other dementias. Further-
more, 31.3% had a medical diagnosis of depression before participating in the study, and
68.7% did not. The assessment of cognitive functions and depression performed by the
group of professionals participating in this study is shown in Table 4.
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Table 1. Sociodemographic and geriatric evaluation for the cohort.

Age (Years) Mean ± SEM: 80.24 ± 1.13
(Min: 60, Max: 104)

Sex 38 (40%) male; 57 (60%) female

Marital status

Single: 18 (18.9%)
Married: 30 (31.6%)

Widow/widower: 44 (46.3%)
Divorced: 3 (3.2%)

Education level

No/incomplete education: 31 (32.6%)
Primary school: 54 (56.8%)
Secondary school: 7 (7.4%)

University: 3 (3.2%)

Mini-Mental State Examination
(MMSE)

Mean ± SEM: 22.49 ± 0.70
(min: 6, max: 30)

Trail Making Test A
(TMT-A; seconds)

Mean ± SEM: 122.23 ± 10.38
(min: 22, max: 360)

Yesavage Geriatric Depression Scale Mean ± SEM: 4.34 ± 0.40
(min: 0, max: 15)

Barthel Index Independency: 20 (25.6%)
Dependency: 58 (74.4%)

SEM = standard error mean.

Table 2. Diabetic drugs and dosage of the diabetic patients.

n Type of DM Drugs Dosage

4 1 Insulin glargine + insulin lispro 38 IU + conditional

1 1 Insulin degludec + insulin lispro 38 IU + conditional

1 2 Insulin glargine + Insulin aspart 12 IU + conditional

1 2 Biphasic insulin aspart 30/70

13 2 Metformin 850 mg–1 g

2 2 Repaglinide 0.5 mg–1 g

5 2 Metformin/vildagliptin 850 mg/60 mg

2 2 Metformin/vildagliptin 1000 mg/50 mg

1 2 Repaglinide/linagliptin 1 mg/5 mg

1 2 Insulin detemir + repaglinide 28 IU + 2 mg

1 2 Insulin glargine + dapagliflozin + sitagliptin 40 IU + 10 mg + 50 mg

2 2 Sitagliptin/metformin 50 mg/1000 mg

1 2 Saxagliptin/metformin 2.5 mg/850 mg

2 2 Dapagliflozin/metformin 10 mg/850 mg

1 2 Alogliptin/metformin 12.5 mg/850 mg

1 2 Canagliflozin + sitagliptin/metformin 100 mg + 50 mg/1000 mg

1 2 Dapagliflozin + vildagliptin/metformin 10 mg + 50 mg/850 mg

1 2 Sitagliptin + glimepiride 50 mg + 2 mg
IU = international units.

In addition, the EQ-5D showed that QoL was acceptable in 21 (23.6%) participants but
deficient in 68 (76.4%) individuals in the overall population. In the diabetic group, it was
acceptable in 10 (25%) individuals and low in 30 (75%), while in the non-diabetic group, it
was acceptable in 11 (22.45) patients and deficient in 38 (70.4%). A descriptive analysis of the
sensory functions examined by the superficial and deep sensation tests is shown in Table 5.
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Table 3. Pathologies and clinical alterations of the sample.

Alterations Total Population Diabetic Non-Diabetic

Arterial
Hypertension

AHT: 73.5%
No AHT: 26.5%

AHT: 76.9%
No AHT: 23.1%

AHT: 70.5%
No AHT: 29.5%

Hypercholesterolemia HCH: 57.8%
No HCH: 42.2%

HCH: 64.1%
No HCH: 35.9%

HCH: 52.3%
No HCH: 47.7%

Atrial Fibrillation AF: 12.1%
No AF: 87.9%

AF: 6.3%
No AF: 93.8%

AF: 17.6%
No AF: 82.4%

Peripheral Arterial Disease PAD: 50%
No PAD: 50%

PAD: 56.8%
No PAD: 43.3%

PAD: 45.3%
No PAD: 54.7%

Renal Insufficiency RI: 76.8%
No RI: 23.2%

RI: 75%
No RI: 25%

RI: 82.1%
No RI: 17.9%

Table 4. Analysis of cognitive functions and the symptoms of depression in the population.

Test Total Population Diabetic Non-Diabetic

MMSE Normal: 55 (59.8%)
CI: 37 (40.2%)

Normal: 24 (58.5%)
CI: 17 (41.5%)

Normal: 23 (42.6%)
CI: 31 (57.4%)

TMT-A Normal: 22 (34.4%)
Deficient: 42 (65.6%)

Normal: 12 (40%)
Deficient: 18 (60%)

Normal: 10 (29.4%)
Deficient: 24 (70.6%)

Yesavage Geriatric
Depression Scale

Normal: 55 (59.8%)
Depression: 37 (40.2%)

Normal: 25 (61%)
Depression: 16 (39%)

Normal: 30 (58.8%)
Depression: 21 (41.2%)

MMSE = Mini-Mental State Examination; CI = cognitive impairment; TMT-A = Trail Making Test A.

Table 5. Analysis of peripheral sensory functions.

Type of Sensitivity Type of Assessment

Superficial
Sensory Pathway

(% of altered areas)

Pain (%): mean ± SEM: 11.4 ± 2.1 (min: 0, max: 100)
Thermal sensation (%):
Heat and cold sensation: mean ± SEM: 19.4 ± 3.2 (min: 0, max: 100)
Heat sensation: mean ± SEM: 7.0 ± 1.6 (min: 0, max: 66.7)
Cold sensation: mean ± SEM: 11.1 ± 2.1 (min: 0, max: 100)
Non-discriminative touch (%): mean ± SEM: 4.4 ± 1.6 (min: 0, max: 100)

Deep Sensory
Pathway

(% of altered areas)

Light touch pressure (%): mean ± SEM: 16.9 ± 2.6 (min: 0, max: 100)
Vibratory sensation (TF): mean ± SEM: 6.9 ± 0.4 (min: 0, max: 11.2)
Vibratory sensation (BTM): mean ± SEM: 39.0 ± 2.1 (min: 0.8, max: 71.4)

SEM = standard error mean; TF = tuning fork; BTM = biothesiometer.

In the overall population, tactile (non-discriminative touch) sensation was altered in
3 (3.3%) people, thermal sensation was altered in 35 (38.9%), pain was decreased in 10 (11%),
and light touch pressure was altered in 26 (28.9%). In addition, altered vibratory sensation
was found in 33 (37.5%) participants when tested using a tuning fork and in 44 (50%) when
measured with a biothesiometer. Among the non-diabetic patients, non-discriminative
touch was altered in 3 (5.8%) individuals, thermal sensation was altered in 18 (35.3%),
pain was reduced in 5 (9.6%), light touch pressure was altered in 13 (25.5%), and vibratory
sensation was altered in 17 (34%) when measured using the tuning fork and in 27 (54%)
with the biothesiometer. In turn, in the diabetic population, non-discriminative touch was
not altered, but thermal sensation was altered in 17 (43.6%), pain sensation was changed in
5 (12.8%), light touch pressure was reduced in 13 (33.3%), and vibratory sensation measured
with the tuning fork was altered in 16 (42.1%) and in 17 (44.7%) with the biothesiometer.

3.2. Association between Cognitive Functions and Peripheral Sensory Functions

The differences in somatic sensory functions among people with altered or conserved
cognitive functions were then analyzed in the overall population and in diabetic and
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non-diabetic groups. In the total population, significant differences were found in the
percentage of areas with altered heat and cold sensations between people with and without
CI according to the MMSE (26.29 ± 5.23 with CI; 12.59 ± 3.59 without CI, p = 0.049,
Mann–Whitney U test). No significant differences were found between individuals with
and without CI for the other sensory modalities (pain, vibration, non-discriminative touch,
and light touch-pressure sensations; p > 0.05 in all cases). In addition, no significant
differences were found in any of these somatic sensitivity tests between individuals with
preserved or reduced executive functions, as measured using the TMT-A (p > 0.05 in
all cases).

In the non-diabetic group, there were no significant differences in pain, thermal,
vibration, non-discriminative touch, or light touch-pressure sensations between individuals
with and without CI or among individuals with normal or reduced executive functions
(p > 0.05 in all cases). In the diabetic group, significant differences were found in the
percentage of areas with altered thermal sensation between patients with and without
CI (38.53 ± 10.73 with CI; 11.59 ± 4.85 without CI, p = 0.044, Mann–Whitney U test),
and there was a similar trend for altered non-discriminative touch (7.81 ± 4.82 with CI;
0.54 ± 0.54 without CI, p = 0.055, Mann–Whitney U test). The differences in thermal
sensation between individuals with and without CI in the diabetic and non-diabetic groups
are shown in Figure 1. No differences were observed between these two groups in the
presence or absence of CI in terms of pain, vibration, or light touch pressure (p > 0.05 in all
cases). Similarly, no differences were found between individuals with normal or deficient
executive functions measured by TMT-A for any of the sensory modalities (p > 0.05 in
all cases).

Figure 1. Significant differences were found for altered thermal sensation between patients with
and without cognitive impairment (CI) in the diabetic group (* p = 0.044) (A), and no significant
differences were found in the non-diabetic group (B).

3.3. Association between the Symptoms of Depression and Peripheral Sensory Functions

Next, we analyzed the differences in somatic sensory functions among people with
and without the symptoms of depression. In the overall population, there were significant
differences in vibratory sensation (measured using a tuning fork) between individuals
with and without depression, as established using the Yesavage Geriatric Depression Scale
(5.35 ± 0.73 with depression; 7.84 ± 0.39 without depression, p = 0.010, Mann–Whitney U
test). However, no significant differences were found in pain, thermal, non-discriminative
touch, light touch pressure, or vibratory sensation (measured by a biothesiometer) between
individuals with and without depression (p > 0.05 in all cases).

Significant differences were found between people with an acceptable or poor QoL
(measured using the EQ-5D) in terms of vibration sensation tested using a tuning fork,
with the sensory results being worse in the group with the lower QoL (8.79 ± 0.45 for the
acceptable QoL; 6.19 ± 0.49 for the poor QoL, p = 0.018, Mann–Whitney U test). There
were also trends in the percentage of areas with altered heat sensation (2.38 ± 1.74 for the
acceptable QoL; 9.57 ± 2.25 for the poor QoL, p = 0.067, Mann–Whitney U test) and in the
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percentage of areas with altered light touch pressure (5.95 ± 1.94 for the acceptable QoL;
19.34 ± 3.48 for the poor QoL, p = 0.068, Mann–Whitney U test). There were no differences
found between individuals with acceptable or poor QoL for non-discriminative touch, pain,
cold, or vibratory sensations examined with the biothesiometer (p > 0.05 in all cases).

In the non-diabetic group, there were no significant differences in non-discriminative
touch, light touch pressure, and pain, thermal, or vibratory sensation between people
with and without the symptoms of depression or those with an acceptable or poor QoL
(p > 0.05 in all cases). In contrast, in the diabetic group, there were significant differences
between participants with and without depression in terms of vibratory sensation mea-
sured using a tuning fork (4.4 ± 0.98 with depression; 8.04 ± 0.54 without depression,
p = 0.008, Mann–Whitney U test). There was also greater sensory involvement in the pa-
tients with depression and altered non-discriminative touch, with more affected areas, in
those with depression (7.5 ± 5 with depression; 1.14 ± 1.14 without depression, p = 0.049,
Mann–Whitney U test). In addition, there was also a trend towards worse vibratory sen-
sation measured with the biothesiometer in the group with depression (45.11 ± 5.60 with
depression; 34.28 ± 2.92 without depression, p = 0.070, Student t-test). The significant
differences and trends in the diabetic patients, which were not observed to a significant
degree in the non-diabetic patients, are shown in Figure 2. No significant differences were
found between diabetic patients with and without depression in terms of pain, thermal
sensation, or light touch-pressure sensation (p > 0.05 in all cases).

Figure 2. Significant differences were found in vibration sensation by using a tuning fork (* p = 0.008)
and in altered non-discriminative touch (* p = 0.049; (A,C)), with trends being found for vibratory
sensation using a biothesiometer (p = 0.070; (B)), and between patients with and without depression
in the diabetic group, with no significant differences being found between these two groups among
the non-diabetic patients (D–F).

In terms of the EQ-5D, there were significant differences in the diabetic group between
individuals with better and worse QoL in terms of the percentage of areas with altered
heat sensation (12.97 ± 4.02 for the poor QoL; 0.0 ± 0.0 for the acceptable QoL, p = 0.032,
Mann–Whitney U test), light touch pressure (23.33 ± 5.88 for the poor QoL; 3.5 ± 2.48 for
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the acceptable QoL, p = 0.027, Mann–Whitney U test), and in vibratory sensation measured
using the tuning fork (5.52 ± 0.69 for the poor QoL; 9.39 ± 0.27 for the acceptable QoL,
p = 0.004, Mann–Whitney U test) or with the biothesiometer (42.29 ± 3.7 for the poor
QoL; 28.91 ± 2.72 for the acceptable QoL, p = 0.042, Student t-test), with worse vibratory
sensation in the group with lower QoL for both the tuning fork and the biothesiometer.
These significant differences between individuals with a poor or acceptable QoL in the
diabetic group are shown in Figure 3. No significant differences were found in altered
thermal sensation to cold, pain, or non-discriminative touch (p > 0.05 in all cases).

Figure 3. Significant differences among diabetic patients in terms of altered thermal sensation to heat
(* p = 0.032; (A)), light touch pressure (* p = 0.027; (B)), vibratory sensation by tuning fork (* p = 0.004;
(C)), and vibratory sensation by biothesiometer (* p = 0.042; (D)) between diabetic patients with a
poor or acceptable quality of life index.

3.4. Association between Functional Status Assessment and Peripheral Sensory Functions

Among the diabetic participants, significant relationships were found between the
functional assessment results from the BI and vibratory sensation, both with the tuning
fork (5.9 ± 0.7 in patients dependent for the ADLs; 8.8 ± 0.6 for those independent for
the ADLs, p = 0.033, Mann–Whitney U test) and with the biothesiometer (41.5 ± 3.8
for those dependent for the ADLs; 28.93 ± 3.5 for patients independent for the ADLs,
p = 0.047, Student t-test). In contrast, no relationships were observed between the functional
assessment result and any of the sensory functions (thermal, pain, non-discriminative touch,
vibration, and light touch-pressure sensations) in the group of non-diabetic patients or in
the analysis of the total population (p > 0.05 in all cases).

3.5. Logistical Regression Analysis: Cognitive Functions and the Symptoms of Depression

A backward logistic regression analysis was performed in a multivariate analysis
of the overall population to evaluate the impact of altered peripheral sensory functions,
age, sex, and the presence of DM and its type on the outcome variables such as CI and
the symptoms of depression. Along the same lines as in the bivariate analysis, CI was
significantly associated with altered thermal sensation, but in this case, only with altered
cold sensation (OR = 0.9, 95%CI = [0.8, 1], p = 0.039). There were no significant associations
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with CI for the other sensory modalities analyzed (pain, non-discriminative touch, light
touch pressure, or vibratory sensation). In addition, age, sex, a DM diagnosis, and its type
also had no significant impact on cognitive decline (p > 0.05 in all cases).

Regarding the symptoms of depression, as in the bivariate analysis, altered vibra-
tory sensation assessed with a tuning fork was significantly related to depression in the
multivariate analyses (OR = 0.6, 95%CI = [0.4, 0.9], p = 0.004). In contrast, there were
no significant relationships between the symptoms of depression and alterations in pain,
non-discriminative touch, light touch pressure, and vibratory sensation assessed by the
biothesiometer (p > 0.05 in all cases). In terms of the clinical data, female sex (OR = 9.9,
95%CI = [1.2, 81.8], p = 0.034), but not age, or the presence of DM or its type, significantly
affected depression (p > 0.05 in all cases).

4. Discussion

Aging and other pathological processes impact the peripheral and central nervous
systems, producing clinical symptoms and complications. In terms of central nervous
functions, this present study showed that in individuals with DM, the impairment of some
cognitive functions was associated with reduced sensory functions in institutionalized
older adults. In addition, CI, assessed using the MMSE, was related to thermal sensation
alterations, which are transmitted by the superficial sensory pathway. However, no rela-
tionships were found between any of the sensitivities and executive functions, as assessed
by the TMT-A.

Given the lack of studies focusing on the connections between declining cognitive sta-
tus and sensory functions during aging, there is little research to compare our results with.
To the best of our knowledge, only one study [24] has so far reported an association between
the severity of peripheral sensory neuropathy (determined by a light touch-pressure test)
and reduced cognitive performance (executive functions), measured using a Digit Sym-
bol Substitution Test [97]. These researchers revealed associations between deep sensory
pathway alterations and executive functions, a finding we did not identify in our study
between executive and sensory function parameters for both sensitivity pathways [24]. Our
study is the first to identify connections between alterations in the superficial sensitivity
pathway and cognitive function impairments (such as spatial-temporal orientation, imme-
diate and delayed memory, calculation, and language subdomains) in an older population.
Lin et al. [24] raise the possibility of an interesting relationship between diabetes-induced
microvascular pathological changes and dementia/cognitive decline. According to these
authors, insulin resistance alters the integrity of the cerebral white matter and produces
damage to the microvasculature that can affect cognitive performance. This relationship
is precisely developed in studies such as LADIS [17], which show that changes in white
matter, lacunar infarcts, and loss of tissue in the corpus callosum are related to cognitive im-
pairment. It is important to highlight that the LADIS study shows that among the vascular
risk factors that were considered, only diabetes independently predicted cognitive decline.

Depression, one of the most pernicious geriatric syndromes, and poor QoL were
associated with reduced sensory functions both in our bivariate and multivariate analyses.
Specifically, in contrast to the findings for the cognitive functions, we found that altered
vibratory sensation (the deep sensory pathway) measured using a tuning fork was associ-
ated with depression and reduced QoL. Indeed, it makes sense that these two symptoms
would lead to similar results, given the associations consistently found between them in
the scientific literature [98–101].

Our results also agreed with other relationships found between somatosensory func-
tions and the symptoms of depression measured by analyzing cortical sensory functions or
thalamocortical functional connectivity. In this sense, Davis et al. [102] identified significant
differences between a group of patients with depression and a control group of healthy
individuals, with the latter demonstrating better performance in complex sensorimotor
cortical skills (such as graphesthesia or stereognosis) as well as in subcortical motor skills
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(gait and posture). These authors suggested that this differential pattern was the reason
depression was associated with cortical and subcortical sensorimotor impairment.

Similarly, Brown et al. [103] used functional magnetic resonance imaging to investigate
thalamocortical connectivity dysfunctions in patients with depression and showed that
there was abnormal thalamo-temporal and thalamo-somatosensory connectivity in cases
of major depressive disorder, which was probably responsible for sensory and emotional
disorders in depression. Indeed, they found that the somatosensory cortex plays an
important role in emotional processing, including the generation of emotions associated
with stimuli and the regulation of emotional states. Thus, structural and functional changes
were found in the somatosensory cortex in patients with emotional dysregulation conditions
such as depression [104].

Continuing with the hypothesis raised by Lin et al. [24] regarding the relationship
between peripheral neuropathy and cognitive impairment, the studies by Puglisi et al.
(2018) [18] and Bella et al. (2010) [18] explain the “vascular depression hypothesis”. This
hypothesis relates the vascular damage of the frontal-subcortical circuits involved in the reg-
ulation of mood and cognition with depression since the subcortical white matter of these
circuits is particularly vulnerable to hypoperfusion and ischemia. Insulin dysregulation
is part of the pathophysiology of diabetic neuropathy, but it also produces microvascular
pathological changes and cerebral white matter integrity [24]. As our study reveals a
relationship between depression and decreased peripheral sensitivity in diabetic patients,
we may be providing, indirectly, more evidence of the relationship between diabetes and
the “vascular depression hypothesis”.

However, to the best of our knowledge, no studies examining associations between
different peripheral sensory functions by exploring a wide range of sensory modalities have
been published to date. Thus, in this respect, this current study provides interesting data
from a multivariant logistic regression approach, which showed that thermal sensation was
more strongly associated with CI while deep sensation measured in the form of vibratory
sensation was related to depression, suggesting that they involved different neuronal
circuits. Female sex was also significantly associated with depression, as supported by a
large body of evidence published elsewhere [105,106].

Several studies have confirmed that depression leads to decreased attention, executive
functions, memory, and processing speed [107–110]. In turn, other researchers have studied
sensory differences or coincidences in the somatosensory system in patients with CI and
depression. Kang and co-workers [111] showed that the connectivity between the thalamus
and somatosensory cortex was abnormal in patients with depression and that this was
negatively correlated to cognitive parameters. Given the importance of the thalamus and
somatosensory area in cognitive processing, the changes in functional connectivity between
these structures that occur in depression could be responsible for these clinical symptoms.
In addition, prolonged latencies in evoked somatosensory potentials in Alzheimer’s disease
but not in patients with depression have also been reported [112].

Interestingly, when investigating these aforementioned factors and nerve damage in
older adults, we observed how the presence of DM also affected these relationships. Com-
paring diabetic patients with healthy controls, the connections between peripheral sensory
damage and altered central nervous functions (cognitive functions and the symptoms of de-
pression) increased in those with DM compared to the general population, whereas healthy
patients did not show any relationships between the components analyzed. The same con-
nection as in the general population was found between CI and altered thermal sensation
in diabetic patients. In addition, there is a tendency towards an association between CI
and altered non-discriminatory touch, with both thermal sensation and non-discriminatory
touch being sensory modalities transmitted by the superficial sensory pathway.

Other research has studied relationships between peripheral sensory neuropathy
and cognitive functions in diabetics using different methods and with varied outcomes.
Ding X and co-workers [50] showed that peripheral neuropathy, measured by sural nerve
conduction velocity, was associated with CIs in type 1 diabetic patients. In contrast,
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Manschot and co-workers [113] concluded that peripheral diabetic neuropathy, assessed
by measuring pain, touch, and vibratory sensation, was not related to cognitive functions
or brain abnormalities (in the form of white matter lesions and cortical and subcortical
atrophy) when analyzed by magnetic resonance imaging. However, a recent study observed
that CI was more common among diabetic patients regardless of the presence of peripheral
neuropathy [49], although those with DM did have more severe cognitive dysfunctions.
Accordingly, the pathophysiology of diabetic peripheral neuropathy and CI seem to share
underlying mechanisms such as insulin dysregulation, inflammation, oxidative stress, and
advanced glycation end products, as also suggested by some other authors [114,115].

Regarding depression, when comparing the group of diabetics with the group of
healthy controls, the symptoms of depression in the latter were not associated with any
peripheral sensory alterations. However, in the diabetic group, depression was associated
with reduced vibratory sensation (when using either a tuning fork or a biothesiometer)
compared to the overall population, although this finding was only a tendency in this case.
In addition to the relationship with the deep sensory pathway, the symptoms of depression
were also related to alterations in the superficial sensory pathway (non-discriminative
touch) when there was comorbidity with DM.

Finally, both poor QoL and depression were associated with altered superficial and
deep sensations, although associations with deep sensation alterations such as vibratory
sensation (measured both with a tuning fork and a biothesiometer) and light touch pres-
sure predominated. Thus, according to these results, it seems that DM enhances sensory
alterations, which makes sense given the neurological impact of the disease on both the
peripheral and central nervous systems [116]. In a similar line, other studies have demon-
strated that peripheral neuropathy is associated with the symptoms of depression [33,117].

It is important to note that our study had some limitations. Firstly, the relatively
small sample size of our cohort may restrict the generalizability of the results, so our
findings may not represent the older population. Secondly, the cross-sectional design
of this work only allowed us to evaluate associations between variables at a single time
point, limiting our ability to establish causality or determine the temporal sequence of
neurological damage. In the future, longitudinal studies will be required to elucidate these
relationships. Additionally, CI and depression may have caused measurement bias. This is
because some of the participants had difficulty providing precise or complete responses
during the assessment, perhaps affecting the accuracy and validity of the collected data.
Despite these limitations, this work provides relevant findings that can serve as a starting
point for future research in this area.

In conclusion, this study showed that central nervous disorders such as CI and depres-
sion are each related to specific alterations in peripheral sensory functions in institutional-
ized older adults, each in association with different sensory pathways. This indicates that
there are connections between central and peripheral neurological damage, and these have
different underlying mechanisms, therefore opening up a new horizon for future research.
To the best of our knowledge, this is the first study to show that some altered cognitive
functions are associated with impaired superficial sensitivity and that the symptoms of
depression are associated with impaired deep sensitivity in older adults. In addition, here
we suggest that DM acts to enhance these relationships and therefore impairs even more
sensory modalities. Nonetheless, more research is still needed to identify the mechanisms
of nerve damage responsible for these differential relationships. Therefore, clarifying the
connections between the central and peripheral nervous system damage that occurs in ag-
ing and in pathologies such as DM can lead to improvements in the prevention, diagnosis,
and early treatment of these neurological complications.
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