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Abstract

Type-2 diabetes is a chronic metabolic disorder characterized by hyperglycemia, resulting from deficits in insulin secretion or ins®
resistance. According to the International Diabetes Federation, approximately 463 million people suffered from this condition in
2019, with a rapidly increasing impact in low-and middle-income countries. Obesity is a well-known risk factor for diabetes,
and current data project a continuous increase in diabetes prevalence worldwide in obese individuals. Among the common
complications, diabetic peripheral neuropathy (DPN) causes sensory symptoms, including pain that contributes to foot ulceration,
and if not controlled, limb amputation may occur. The diagnosis of DPN is a clinical problem. Rate-dependent depression (RDD)
of the Hoffmann reflex in the lower limbs has been proposed as a test to determine the presence of neuropathic pain in subjects
with type-1 and type-2 diabetes. Recently, impaired RDD has been described in obese and diabetic rodent models. In this study,
we characterized the RDD by evaluating the H-reflex at 0.2, 1, 2, 5, and 10 Hz in 39 patients with type-2 Diabetes mellitus (T2DM)
and 42 controls without diabetes, subsequently classified as overweight/obese and prediabetic. A significant decrease in the RDD
of the H-reflex was found in T2DM subjects at 1, 2, 5, and 10 Hz (P < .001) stimulation frequencies compared to controls, but not
at 0.2 Hz (P = .48). A major finding of this study is that impaired RDD was also found in 11/25 overweight and obese subjects in at
least 2 stimulation frequencies, being 10 of those classified in prediabetic levels according to their HbA1C values. The RDD of the
H-reflex could be used as a quantitative and sensitive tool to study T2DM subpopulations with peripheral neuropathy. RDD could
e used as a screening tool in combination with clinical tests to diagnose DPN and evaluate the progression of this condition.

Abbreviations: BM| = body mass index, DPN = diabetic peripheral neuropathy, MNSI = michigan neuropathy screening
instrument, RDD = rate-dependent depression of the H reflex, T2DM = type-2 diabetes mellitus, WHtR = waist to height ratio.

Keywords: diabetic peripheral neuropathy, H-reflex, overweight and obesity, prediabetes, rate-dependent depression, type 2
diabetes

1. Introduction factor for T2DM.P! Modeling using data from the WHO Global

Health Observatory associated obesity and diabetes prevalence,

Type-2 Diabetes mellitus (T2DM) is a metabolic disorder result-
ing in chronic hyperglycemia caused by deficits in insulin secre-
tion or insulin resistance, with disturbances in carbohydrate, fat,
and protein metabolism."! The International Diabetes Federation
estimated 463 million adults living with this condition worldwide
in 2019, with a prevalence of 10.8% in urban areas. The preva-
lence of diabetes is rising in low- and middle-income countries.?!
Prospective studies have shown that central obesity is a strong risk
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confirming the continuity of the “diabetic crisis” in the following
years..[* In fact, “Diabesity” is a term referring to the close rela-
tionship between T2DM and obesity.’! Among the complications
of T2DM, diabetic peripheral neuropathy (DPN) contributes to
the development of foot ulceration, resulting in a higher risk of
lower limb amputations; however, up to 50% of DPN patients
may be asymptomatic./>”! By the time of T2DM diagnosis, DPN
was already present in 8% of the Rochester cohort,® while 10%
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to 15% was reported in Western countries,'” with a prevalence up
to 6% around the globe.!®!

Diagnostic tools for DPN include nerve conduction stud-
ies, devices that quantify temperature and vibration percep-
tion using quantitative sensory testing,/'” electrophysiological
scores, microneurography,'!! questionnaires accompanied by
clinical examination, and skin biopsy and/or corneal confocal
microscopy.l'>1* Nevertheless, the repertoire of diagnostic tools
is not fully available in most hospitals, particularly in mid-
dle-and low-income countries, making it difficult for an early
and accurate diagnosis following the progression of DPN.[!

Recently, Rate-Dependent Depression (RDD) of the H-reflex
has been suggested as a biomarker for determining the pres-
ence of neuropathic pain in diabetic patients.!'®! This application
was established after the observation that RDD was impaired
in experimental rat models of type-1 and -2 diabetes present-
ing with tactile allodynia.l'”! Interestingly, intrathecal adminis-
tration of bicuculline!' or L-655708, an inverse agonist of the
a,GABA receptors,'s! removed tactile allodynia and restored
RDD. It has been suggested that the loss of the RDD is a con-
sequence of GABAergic dysfunction produced by alterations in
Cl- homeostasis mediated through downregulation of the KCC2
co-transporter in dorsal horn neurons involved in circuitry pro-
cessing nociceptive information.!'%!”!

In both animals and humans, RDD was observed under
non-pathological conditions when the H-reflex was evoked with
paired-pulse stimulation frequencies >1 Hz.['"*l In contrast,
altered RDD was observed in mice fed with a high-fat diet that
consequently developed obesity.*!! In line with the evidence in
animals, in humans, RDD impairment was reported in individu-
als with type-1 and type 2 diabetes with painful and non-painful
neuropathy.???3 Recently, further exploration of optimal RDD
parameters has been conducted to study spinal disinhibition in
diabetic subpopulations by using stimulation frequencies <3
Hz.24

The first aim of this study was to characterize the RDD of the
H-reflex in subjects with T2DM compared with subjects with-
out diabetes as controls. The second aim was to subdivide the
control group to determine whether RDD impairment was also
present in individuals with prediabetes and overweight/obesity.

2. Materials and Methods

Patients from a community health center (ISEM, State of
Mexico Health System) and a local university campus (State
of Mexico Autonomous University) were invited to participate
in this study. Recruitment and protocol testing were conducted
between July 2021 and January 2022. Clinical screening and
electrophysiological tests were performed at the Laboratory of
Physiology of the Faculty of Medicine of the State of Mexico
Autonomous University. Convenience sampling consisting of 39
subjects with T2DM (50.0+12.3 y/o) and 42 without a previ-
ous diagnosis of diabetes who served as controls (32.3+9.9 y/o)
were enrolled in this cross-sectional study. The study followed
the tenets of the Declaration of Helsinki and Mexican Law for
Conducting Research on Humans (NOM-012-SSA3-2012). The
study protocol was approved by the Ethics Committee of the
Faculty of Medicine of the Autonomous University of the State
of Mexico (CONBIOETICA-15-CEI-002-20210531, registry
004.2021). The participants provided written informed consent
to participate in this study.

2.1. Clinical screening

For both the T2DM subjects and the Control group, individu-
als of both sexes (25-60 y/o) were included. Participants with
T2DM were monitored by their community health system.
For the T2DM group, subjects with at least 5 years of diag-
nosis were included. Exclusion criteria included demyelinating
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diseases, peripheral nerve pathologies other than DPN, alco-
holism, venous insufficiency (class C2-C6, CEAP classification),
and history of cancer. Clinical history was obtained for all
subjects. HbA1C data were obtained no longer than 1 month
at the time of the study. Capillary glucose was measured at
the beginning of the session (Accu-Check Active®). Weight,
height, and waist circumference were measured to determine
body mass index (BMI) and WHtR (waist to height ratio).
The Global Physical Activity Questionnaire was administered
to all the participants. The Michigan Neuropathy Screening
Instrument (MINSI) was applied to all participants, and scores
>2 were considered positive for DPN. The Achilles and patellar
tendon reflexes, vibration test (128 Hz fork), and 10-g Semmes
Weinstein monofilament test were performed. The STROBE
guidelines were followed.

2.2. RDD of the h-reflex protocol

The subjects were placed in prone position during the proto-
col. The temperature of the limbs was maintained constant
(32°C-35°C) during the test. Standard procedures for H-reflex
recording were as follows.*"! Initially, a handheld electrode
(STMHUM, Biopac Systems, Inc.) was used to explore the ana-
tomical site over the popliteal fossa to stimulate the tibial nerve
and evoke consistent H-reflex responses. For this purpose, 1 ms
width, monophasic square pulses were given at 0.2 Hz starting
at 1 Vin 1V steps. Once the H-reflex was identified (latency of
approximately 30ms), a bar electrode (MFI Medical; distance
between electrodes, 3cm) was secured. The H-reflex was then
evoked by a voltage electrical stimulator (BSLSTM, Biopac
Systems, Inc.), and electromyographic responses were recorded
bipolarly over the soleus muscles with surface electrodes (Red
Dot, 3M). Signals were amplified, digitized at 10 kHz, band-pass
filtered (5-500 Hz) (MP36, Biopac Systems, Inc.), and stored on
a computer for offline analysis. Curves of the stimulation inten-
sity versus amplitude of the H-reflex were constructed to deter-
mine the optimal range of stimulation to evaluate RDD in the
control and T2DM groups. Voltages around 50% of the maxi-
mal amplitude of the H-reflex were used. To assess the RDD of
the H-reflex, a train of 10 pulses was administered at 1, 2, 5, and
10 Hz in the left leg. Marshall et al?? described that the RDD
is of a lesser magnitude at the second pulse, with the third pulse
being depressed compared to the second pulse. In this study, we
decided to evaluate RDD in controls and T2DM subjects deliv-
ering 10 pulses to gain a better understanding of the phenom-
enon. Some subjects manifested discomfort, especially at § and
10 Hz stimulation, but they did not express intolerable pain;
however, whenever the subject decided, 5 or 10 Hz tests were
not completed. Stimulation frequencies were applied sequen-
tially with at least 1-minute intervals between stimulations.

2.3. Data analysis

Latencies and peak-to-peak amplitudes of the H-reflex (10
responses) for each frequency were manually determined using
Clampfit 10.7 (Molecular Devices). Data are reported as the
mean (x SD). The amplitude of the 2™ to 10" pulses for each
stimulation frequency was expressed as a percentage relative
to the amplitude of the first pulse to determine RDD (Hn/
H1). Data are presented in plots expressing RDD rate (%) ver-
sus pulse number. Then, for each subject, the mean RDD was
determined as the average of the amplitude of the H-reflex from
the 2" to the 10 pulse divided by the amplitude of the first
H-reflex. The Shapiro-Wilk test was performed to test the nor-
mality of the data, and when data were normally distributed (P
> .05), Student ¢ test was used to compare 2 groups; otherwise,
the Mann-Whitney rank-sum test was used. Statistical signifi-
cance was set at P < .05. Data were analyzed using Sigma Plot
14 (Systat Software).
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3. Results

Eighty-one subjects were enrolled in this study: 39 with T2DM
(23 F) and 42 controls (17 F). The T2DM group had a mean BMI
of 28.0+4.12, while that of the control group was 26.3 =4.46.
Seventeen subjects in the control group and 5 subjects in the
T2DM group were considered to have normal weight (BMI 18.5-
24.9). Demographics and variables related to clinical screening
(BMI, WHI, waist circumference, physical activity, capillary
glucose, HbA1C, and MNSI score) are shown in Table 1 for
the T2DM and control groups. T2DM subjects enrolled in this
study had 10.0+5.2 years after diagnosis (Table 2). A total of
20/39 T2DM individuals had signs and symptoms of painful
neuropathy, while 19/39 had non-painful neuropathy. A total
of 32/39 subjects reported metformin consumption, whereas an
insulin prescription was reported in 21/39 subjects. Four sub-
jects reported pregabalin consumption, and gabapentin was pre-
scribed to the other 4 subjects. A total of 17/39 subjects reported
taking B-complex vitamins (Table 2).

3.1. Rate dependent depression of the h-reflex in controls
and t2dm subjects

Our protocol included 10 pulses to evaluate the RDD of the
H-reflex, which, at high stimulation frequencies (i.e., 5 and 10
Hz), subjects may experience unpleasant sensations. However,
none of the patients experienced intolerable pain. Once the pro-
tocol ended, none of the subjects manifested persistent pain or
unpleasant sensations in the explored leg. Representative exam-
ples of the H-reflexes evoked at each stimulation frequency
are shown in Figure 1 for a normal-weight subject (left panels)

Main characteristics of control and type-2 diabetes mellitus
groups.

Control (n = 42) T2DM (n = 39)
Age (yrs + SD) 32.3+9.9 48.0+15.3
Median 28.5 50
Sex (M/F) 25117 16/23
BMI (+ SD)
BMI classification 26.3+4.4 28.07+4.12
Underweight 0 0
Normal 17 6
Overweight 15 27
Obesity | 9 4
Obesity Il 1 2
WHI (+ SD) 0.56+0.07 0.61+0.05
Waist (m) 0.99+0.08 0.96+0.09
Physical activity 3 3
Glucose (mg/dL + SD) 95.4+13.38 219.5+87.8
HbA1C (% + SD) 5.87+0.38 11.6+3.03
MNSI score (+SD) 3.96+2.2 8.26+3.5

BMI = body mass index; MNSI = Michigan neuropathy screening instrument, T2DM = type-2
diabetes mellitus, WHI = waist-height index.

Clinical history of type-2 diabetes mellitus subjects (n = 39).

Yrs after diagnosis (+SD) 10.08 +5.29
Prescriptions

Metmorfin 32/39
Insulin 9/39
Gabapentin 4/39
Pregabalin 4/39
B-complex vitamins 17/39

T2DM = type-2 diabetes mellitus.
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Figure 1. RDD in control and T2DM subjects. Representative traces of the
H-reflex were evoked at 0.2, 1, 2, 5, and 10 Hz in control (left panel) and
T2DM (right panel) subjects. There is no loss of RDD at 0.2 Hz; however, in
the T2DM subject, a loss of the RDD of the H-reflex was observed from 1 to
10 Hz. The uppermost trace in each panel corresponds to the first H-reflex
evoked. The pink vertical line and blue horizontal lines indicate the time at
which the latency and the peak-to-peak amplitude of the H-reflex were mea-
sured, respectively (see Methods). RDD = rate-dependent depression of the
Hreflex, T2DM = type-2 diabetes mellitus.
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and a T2DM subject (right panels). Note that in both exam-
ples, the amplitude of the H-reflex at 0.2 Hz was not depressed,
as expected. In the control subject (BMI 24.8; WHtR 0.55;
capillary glucose 76.4 mg/dL; HbA1C 5.4), RDD was present
at 1-, 2-, 5, and 10 Hz stimulation frequencies. In contrast, in
the T2DM subject (BMI, 23.1; WHtR, 0.45; capillary glucose,
270mg/dL; HbA1C, 12.2), RDD was impaired at all tested fre-
quencies > 1 Hz (Fig. 1). Impairment is observed as an absence
or decrease in the depression of the H-reflex.

Graphs of RDD expressed as a percentage of Hn/H1 (see
Methods) are shown in Figure 2. No RDD was observed at 0.2
Hz in both groups (control, black line vs T2DM, gray line), as
expected. In contrast, RDD was present at stimulation frequen-
cies 21 Hz in controls, but not in T2DM subjects (Fig. 2).

Mean latencies of the H-reflex were grouped (for all stim-
ulation frequencies) and compared between the control
(25.31+1.57ms) and T2DM (26.47+1.09ms) groups, with
a statistically significant difference (P < .001). Then, com-
parisons were made between the control and T2DM groups
at each stimulation frequency (Fig. 3). Statistical differences
were found for 0.2 Hz (Control, 25.30+1.59ms vs T2DM,
26.48=1.12ms; P < .01); 1 Hz (Control, 25.33+1.58ms vs
T2DM,26.46+1.12ms; P <.01); 2 Hz (Control,25.31+1.56 ms
vs T2DM, 26.47£1.09ms; P < .01); 5 Hz (Control, 25.32ms =
1.59ms vs T2DM, 26.49+1.10ms; P < .01) and 10 Hz (Control,
25.28+1.60ms vs T2DM, 26.46+1.13ms; P < .01).

The results of the mean RDD for all the stimulation fre-
quencies are presented in Figure 4. As shown in Figure 2, the
amplitude of the H-reflex along the 10 pulses administered at
0.2 Hz was similar, that is, no RDD was present. Accordingly,
the mean depression of the RDD was not statistically different
at 0.2 Hz between the control (96.27% = 6.36%) and T2DM
groups (93.15% = 13.42%) (P = .48). In the same Figure 4, the
RDD of the H-reflex can be observed in the Control group: 1
Hz,45.01% = 11.66%; 2 Hz,42.63% + 16.45%; 5 Hz,35.41%
+10.30%, and 10 Hz 23.41% =+ 16.91%. On the other hand, in
the T2DM group, a significant loss of RDD was observed: 1 Hz,
69.35% = 29.40%; 2 Hz, 94.47% = 26.05%; 5 Hz, 92.41% =
30.66% and 10 Hz, 88.20% = 40.26%. Significant differences
between the control and T2DM groups were found atl Hz (P
<.001),2 Hz (P <.001), 5 Hz (P < .001), and 10 Hz (P < .001)
(Fig. 4).

In the T2DM group, a subclassification was made based on
painful (10 subjects, 47.9+15.0 y/o, 7 females) and non-pain-
ful peripheral neuropathy (7 subjects, 49.7 = 8.8 y/o, 3 females).
When RDD was compared between the painful and non-painful
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DPN, no statistical differences were found at 0.2 Hz (90.06%
+ 16.41% vs 97.58% = 6.13%; P = .30) and 1 Hz (109.9% =
8.68% vs 100.14% = 11.35%; P = .46). For the rest of the stim-
ulation frequencies, statistical differences were found (painful
vs non-painful DPN): 2 Hz, 87.5% =+ 17.52% versus 73.14%
+ 5.64% (P < .01); 5 Hz, 84.6% = 14.13% versus 60.42%
+ 12.33% (P < .001); and 10 Hz 106.97% = 25.78% versus
47.9+16.7% (P < .001).

Latencies were also analyzed in subgroups with painful and
non-painful diabetic neuropathy. We found that latencies in the
non-painful T2DM group were significantly higher compared to
painful neuropathy at 0.2 Hz (27.06 £ 0.91 ms vs 25.66 = 0.89 ms;
P < .01); 1 Hz (26.99+0.95ms vs 25.76+0.92ms; P < .01);
2 Hz (27.02+0.86ms vs 25.69+0.92ms; P < .01); 5 Hz
(27.64+£0.89ms vs 25.70x0.91ms; P < .01) and 10 Hz
(27.05+0.96ms vs 25.61+0.92ms; P < .01) respectively.

3.2. Loss of RDD in prediabetic, overweight, and obese
subjects

Subjects without a previous T2DM diagnosis enrolled as
controls (n = 42) were later subdivided according to their
BMI in overweight/obesity and normal weight subgroups.
Interestingly, we also found impaired RDD in the overweight/
obesity subgroup. Representative recordings of this phenom-
enon are shown in Figure 5. Note that in this subject, classi-
fied as obese grade I (BMI 35.5; WHtR 0.71; capillary glucose
89 mg/dL; 5.8 HbA1C), RDD was impaired at 2 and 5 Hz,
while at 1 and 10 Hz, RDD seemed to be normal (Fig. 5). Then,
RDD was evaluated in a subgroup formed by 25 overweight/
obese individuals (10 F, 34.9+ 9.8 y/o; BMI, 29.1 + 3.0; WHtR,
0.57+0.04; capillary glucose, 95.4+13.3mg/dL; HbA1C,
5.8+0.3). At 0.2 Hz no statistical difference was found when
RDD was compared in normal-weight subjects (97.4% =
4.53%) versus overweight/obese (94.87% = 13.87%) (P =
.91). For the rest of the stimulation frequencies, statistical dif-
ferences (normal weight vs overweight/obese) were found at
1 Hz,41.52% = 12.22% versus 70.57% = 29.34%, P < .01; 2
Hz, 40.23% = 19.55% versus 54.58% = 26.00%, P < .01; 5
Hz,32.43% = 10.51% versus 46.64% = 22.41%, P < .01; and
10 Hz, 16.86% = 16.09% versus 36.07+20.76%, P < .001 as
shown in Figure 6.

Considering that in the normal weight subgroup, stimu-
lation frequencies 21 Hz produced RDD values below 50%
(Fig. 6), data above this cut point were arbitrarily considered
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Figure 2. Loss of RDD (%) in T2DM during a 10 pulses protocol compared to controls. Mean and SD (+) of the RDD (%) at 0.2, 1, 2, 5, and 10 Hz stimulation fre-
quencies in control (black line, n = 42) and T2DM (gray line, n = 39) groups. RDD = rate-dependent depression of the Hreflex, T2DM = type-2 diabetes mellitus.

4



Salinas et al. ® Medicine (2022) 101:43

3 0.2Hz 1Hz 2Hz 5Hz 10 Hz
E. 30 . % . - .
=08 T
g 26
[}
| 24 .
22 T T T T T T r r T T
Ctd T2DM Ctd T2DM Ctrl T2DM Ctrl T2DM Ctd T2DM

Figure 3. Latency of the H-reflex is affected in T2DM subjects compared
to controls. Statistical differences in latencies were found at all stimulation
frequencies tested (0.2, 1, 2, 5, and 10 Hz) when comparing Control (black
plots) versus T2DM (gray plots) groups. The red line in the plots represents
the median. P < .01, t test. T2DM = type-2 diabetes mellitus.
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Figure 4. Mean RDD in controls and T2DM subjects. Impaired RDD is shown
in T2DM (gray line) but not in control subjects (black line) at 1 Hz (P < .001), 2
Hz (P < .001), 5 Hz (P < .001), and 10 Hz (P < .001). No statistical differences
were found at 0.2 Hz (P = .48), t test. RDD = rate-dependent depression of
the Hreflex, T2DM = type-2 diabetes mellitus.

abnormal. Thus, in this subgroup of 25 overweight/obese
subjects, impaired RDD was observed at 1 Hz (16/25), 2 Hz
(13/25), 5 Hz (7/25), and 10 Hz (4/25). Overall, 19/25 sub-
jects from the overweight/obese subgroup met the criteria for
prediabetes according to the HbA1C levels: 5.7% to 6.4%.12°!
Particularly, impaired RDD in at least 2 stimulation frequen-
cies (1 and 2 Hz) was observed in 11/25 subjects, while from
those 11 individuals, 10 can be considered in a HbA1C pre-
diabetic levels.
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Latencies were also compared between overweight/obesity and
normal weight subjects, founding significantly higher latencies
for the first subgroup: 0.2 Hz (25.90 + 1.70 ms vs 24.43 + 0.89 ms,
P < .001); 1 Hz (25.93+1.67ms vs 24.44+091ms, P <
.001); 2 Hz (25.90+1.66ms vs 24.43+0.89ms, P < .01); §
Hz (25.95+1.67ms vs 24.40+0.90ms, P < .001) and 10 Hz
(25.91+1.66ms vs 24.34=0.92ms, P < .001).

3.3. H-reflex was absent in 22 T2DM subjects

In 22 T2DM subjects (14 females, 51.05 = 12.47 y/o), it was not
possible to evoke the H-reflex. On average, these subjects had a
BMI of 27.84 +4.74 and WHtR of 0.62+08. Fourteen subjects
were classified as overweight (BMI 28.04 =2.33), 2 subjects had
obesity grade I (BMI 30.58 and 33.35), 2 subjects had obesity
grade II (BMI 35.19 and 36.62), 1 subject had malnourish-
ment (BMI 15.28), and 3 had normal weight (BMI, 23.11; 21.
60 and 24.11). MNSI was 9.47x2.99. Ten subjects had signs
and symptoms compatible with a painful neuropathy. In this
group, capillary glucose was 227.13 =95 mg/dl, while HbA1C
was 13.06+2.26. None of the participants in this group regu-
larly practiced physical activity. In Table 3, detailed information
about prescriptions in this subgroup is provided. Capillary glu-
cose, Hb1AC, BMI, WHtR, and MNSI mean values were com-
pared between T2DM subjects with and without the H-reflex
(Fig. 7). No statistical differences were found when comparing
capillary glucose levels (P = .54); however, Hb1AC levels were
significantly different between the subgroups (P < .001). The
BMI was not significantly different between the subgroups (P =
.68) or WHtR (P = .30). Finally, MNSI was statistically different
between the subgroups (P = .01) (Fig. 7).

4. Discussion

An estimated 463 million people worldwide have T2DM.?! In
Mexico, where this study was conducted, an estimated 10.3%
of the population over 20 years old (around 8.6 million people)
had diabetes diagnosed in 2018.27 DPN is a common compli-
cation of T2DM, and its prevalence is rapidly growing world-
wide, particularly in low-income countries. The landscape is not
significantly different for rich countries, resulting in a worrying
perspective for the following decades.!®

Spinal disinhibition, evaluated through the RDD of the
H-reflex, has been proposed as a valuable tool to study DPN;
in particular, impaired RDD has been observed in painful neu-
ropathy in Type-1 and Type-2 diabetes./?>?*28! In this study, we
characterized RDD in T2DM subjects compared with controls
(individuals without diabetes). The control group was then sub-
divided into normal-weight and overweight/obese subgroups. In
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Figure 5. Impaired RDD in an obese subject (Grade ) without diabetes. Representative traces of impaired RDD were observed at 2 Hz and 5 Hz but not at 1
Hz and 10 Hz. The uppermost trace in each panel corresponds to the first H-reflex evoked. RDD = rate-dependent depression of the Hreflex.
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agreement with previous studies,?>**?81 we found that T2DM
subjects had impaired RDD and that reflex H was absent in a
portion of individuals. The latter was positively correlated with
higher HbA1C values (Fig. 7). Interestingly, 13 overweight and
obese subjects also presented a decrease in RDD compared with
normal-weight control subjects. Previously, it was reported that
diet-induced obesity in mice causes impairment of RDD.?Y Our
results represent the first evidence of the loss of RDD in this
population and open new questions about the consequences of
overweight and obesity on sensory and motor spinal processing.

In this study, we characterized the RDD in T2DM subjects
with clinical manifestations of DPN in comparison with con-
trols, delivering 10 consecutive pulses at stimulation frequencies

Medicine

of 0.2, 1, 2, 5, and 10 Hz. Typical protocols for studying RDD
involve paired-pulse stimulation at different frequencies.?2?"!
Marshall et al?® applied a 3-pulse protocol and reported that
in Type-1 diabetics, the second response is not depressed as the
third pulse when evaluating the RDD. Later, the same group
applied 10 pulses at 1 Hz.1?*' Therefore, we also decided to deliver
10 pulses for better characterization of the RDD and to deter-
mine the mean RDD (see Methods), as shown in experimental
diabetes.!"®! Interestingly, Worthington et all?*! found decreased
RDD in painful neuropathy, but not in diabetic patients with
non-painful neuropathy. The authors found that RDD was
enhanced in this subpopulation when stimulation was deliv-
ered at 1 Hz.?3 In our study, we did not find enhanced RDD in
any subpopulation of T2DM subjects compared with controls.
In contrast, we found that the RDD was significantly different
between painful and non-painful neuropathic patients at 2, 5,
and 10 Hz. Differences between our patients with non-painful
diabetic neuropathy and those presented by Calcutt’s group!?®!
could be partially explained in terms of metabolic control, pre-
scription, and tests employed to classify DPN. A large sample
size is warranted to further explore these discrepancies.

Figure 2 shows the variability of the mean amplitude of the
H-reflex from the 2™ to 10" pulses, exhibiting RDD in con-
trols but not in T2DM subjects at all stimulation frequencies
tested, being more evident at 5 Hz and 10 Hz. In fact, in con-
trols, there was a trend toward a maximal RDD towards the last
pulse, while in T2DM, it was not obvious (Fig. 2). The latency of
the H-reflex was affected in T2DM patients compared to con-
trols (Fig. 3), as reported in a previous study.?® In contrast to
Marshall et al,**! we found significantly higher mean latencies
in non-painful patients than in painful patients with diabetes.
As mentioned before, differences could be explained in terms of
differences in the clinical characteristics of the sampled popula-
tions. When evaluating the mean RDD, the loss of RDD was sta-
tistically significant at all tested frequencies >1 Hz in the T2DM
group compared to controls (Fig. 4). Although some subjects
manifested unpleasant sensations, particularly at 5 Hz and 10
Hz, no subject manifested intolerable pain in our 10-pulse para-
digm. Another interesting finding was that the overweight/obese
and among the identified prediabetic subjects also exhibited
significantly higher H-reflex latencies compared to controls. In
this context, we can assume a subclinical diabetic neuropathy
condition, as reported by Marya et al.;3%

The mechanism for the loss of RDD has been attributed to
alterations in GABAergic function mediated by KCC2 in the
dorsal horn of the spinal cord in animal models, resulting in
dysfunctional sensorial and motor processing in experimental
diabetes,!'18:31 suggesting that the loss of spinal inhibition (i.e.,
disinhibition) evaluated through RDD is a mechanism involved
in chronic pain. In particular, a,GABA, receptor-mediating
GABAergic inhibition plays an important role in allodynia and
hyperalgesia during chronic hyperglycemia. Blockade of this
receptor with L-655708 reverted tactile allodynia and restored
RDD in Type-1 diabetic rats.!"®!

A novel finding of this study was that 13/25 overweight and
obese subjects also exhibited RDD loss (Figs. 5 and 6). The sub-
jects were enrolled as controls because they did not report any
known clinical conditions. However, the link between body fat
and diabetes has been well established.--?! Accordingly, some
subjects could be classified as prediabetic since capillary glucose
levels at the time of the study were >100 mg/dL in 3/13 subjects,
while in 8/13 subjects, HbA1C was 26 %. Peripheral neuropathy
was present in 49% of prediabetic and 50% of new-onset dia-
betics screened in the PROMISE cohort.®3! Therefore, our study
points out that RDD accompanied by standard screening for
diabetes in overweight subjects could be used as an auxiliary in
diagnosing peripheral neuropathy.

In agreement with a previous reports,*>?8! we also identi-
fied a subgroup of subjects in whom the H-reflex could not be
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Figure 7. Comparison of anthropometric and clinical variables between T2DM subjects with H-reflex and without H-reflex. Comparisons between T2DM sub-
jects with H-reflex (light gray bars, n = 39) versus absent H-reflex (dark gray bars, n = 22); (A) capillary glucose (P > .05); (B) Hb1AC (P < .001); (C) BMI (P > .05);
(D) WHtR (P > .05), and (E) MNSI (P < .05). t test. T2DM = type-2 diabetes mellitus.

evoked. When looking for any parameter that might contribute
to this phenomenon, we found that Hb1Ac was significantly
different compared to that in subjects with the H-reflex. In line
with this, MNSI scores were significantly higher in subjects
without the H-reflex (Fig. 7). In contrast, capillary glucose,
BMI, and WHtR were not significantly different between sub-
groups. Longitudinal studies evaluating RDD in T2DM sub-
jects without the H-reflex under strategies aimed at lowering
Hb1AC or neuropathy scores could determine if this phenom-
enon is associated with serious disturbances in glucose control
or any other condition.

One limitation of this study is that the diagnosis of neuropa-
thy was not confirmed by nerve conduction studies and sensory
tests. However, MNSI scores, clinical examination, and previous
results in experimental diabetes!!”!$2834 suggest that evaluating
RDD in diabetic subjects could be relevant for understand-
ing somatosensory dysfunction in the spinal cord and could
distinguish between subgroups with painful and non-painful
neuropathy.

5. Conclusions

We described a significant decrease in RDD in T2DM and
overweight and obese individuals (some classified as predi-
abetics) at stimulation frequencies 21 Hz compared to nor-
mal-weight controls, indicating dysfunction in the spinal
inhibitory processes. Finally, the H-reflex could not be evoked
in a subpopulation of T2DM subjects with significantly higher
levels of Hb1AC. Therefore, our study highlighted the rele-
vance of the RDD of the H-reflex not only to characterize the
presence of neuropathic pain in diabetic patients, but also to
demonstrate the presence of PND in overweight and obese
subjects with metabolic syndrome and prediabetic conditions.
Additionally, this test could be useful for monitoring changes
in spinal sensory processing after pharmacological interven-
tions and other therapeutic approaches in both human and
animal models.

Acknowledgments

We express our gratitude to all the participants in this study.
We also thank Daniela Loera Torres for her support with data
analysis and Emmanuel Daniel Ortega Robles for assistance
with the pulse delivery software. We also thank Dr Eloisa Colin
Ramirez for her assistance with the statistics and revision of the
manuscript.

Author contributions

Conceptualization: Virgilio Eduardo Trujillo-Condes, Rodolfo

Delgado-Lezama, Carlos A Cuellar.

Data curation: Luisa Fernanda Salinas, Carlos A Cuellar.

Formal analysis: Luisa Fernanda Salinas, Carlos A Cuellar.

Funding acquisition: Virgilio Eduardo Trujillo-Condes, Carlos
A Cuellar.

Investigation: Luisa Fernanda Salinas, Virgilio Eduardo Trujillo-
Condes, Carolina Tecuatl, Rodolfo Delgado-Lezama, Carlos
A Cuellar.

Methodology: Luisa Fernanda Salinas, Virgilio Eduardo
Trujillo-Condes, Carolina Tecuatl, Rodolfo Delgado-Lezama,
Carlos A Cuellar.

Project administration: Luisa Fernanda Salinas, Virgilio Eduardo
Trujillo-Condes, Carlos A Cuellar.

Resources:  Virgilio Eduardo Trujillo-Condes,
Delgado-Lezama.

Supervision: Virgilio Eduardo Trujillo-Condes, Carolina Tecuatl,
Rodolfo Delgado-Lezama, Carlos A Cuellar.

Writing — original draft: Luisa Fernanda Salinas, Carolina
Tecuatl, Rodolfo Delgado-Lezama, Carlos A Cuellar.

Writing — review & editing: Luisa Fernanda Salinas, Virgilio
Eduardo Trujillo-Condes, Carolina Tecuatl, Rodolfo
Delgado-Lezama, Carlos A Cuellar.

Rodolfo

References

[1] Petersmann A, Miiller-Wieland D, Miiller UA, et al. Definition, clas-
sification and diagnosis of diabetes mellitus. Exp Clin Endocrinol
Diabetes. [Internet]. 2019;127:S1-7. Available at: http://www.
thieme-connect.de/DOI/DOI?10.1055/a-1018-9078. [Access date 30
November, 2021].

[2] International Diabetes Federation. IDF diabetes atlas. Available at:
https://www.diabetesatlas.org [access date December 1,2021].

[3] Lee DH, Keum N, Hu FB, et al. Comparison of the association of pre-

dicted fat mass, body mass index, and other obesity indicators with

type 2 diabetes risk: two large prospective studies in US men and
women. Eur J Epidemiol. [Internet]. 2018;33:1113-23. Available at:

http://link.springer.com/10.1007/s10654-018-0433-5. [Access date 1

December, 2021].

Ampofo AG, Boateng EB. Beyond 2020: Modelling obesity

and diabetes prevalence. Diabetes Res Clin Pract. [Internet].

2020;167:108362. Available at: https:/linkinghub.elsevier.com/

retrieve/pii/S016882272030615X. [Access date 1 December, 2021].

[5] Haslam D. Obesity and diabetes: the links and common approaches.
Primary Care Diabetes. [Internet]. 2010;4:105-12. Available at: https://
linkinghub.elsevier.com/retrieve/pii/S1751991810000495. [Access date
1 December, 2021].

[4


http://www.thieme-connect.de/DOI/DOI?10.1055/a-1018-9078
http://www.thieme-connect.de/DOI/DOI?10.1055/a-1018-9078
https://www.diabetesatlas.org
http://link.springer.com/10.1007/s10654-018-0433-5
https://linkinghub.elsevier.com/retrieve/pii/S016882272030615X
https://linkinghub.elsevier.com/retrieve/pii/S016882272030615X
https://linkinghub.elsevier.com/retrieve/pii/S1751991810000495
https://linkinghub.elsevier.com/retrieve/pii/S1751991810000495

Salinas et al. ¢ Medicine (2022) 101:43

[6] Hicks CW, Selvin E. Epidemiology of peripheral neuropathy and lower

[9

[10

[11

[12

[13

[14

(15

[16

(17

[18

[19

extremity disease in diabetes. Curr Diab Rep. [Internet]. 2019;19:86.
Available at: http:/link.springer.com/10.1007/s11892-019-1212-8.
[Access date 1 December, 2021].

Pop-Busui R, Boulton AJM, Feldman EL, et al. Diabetic neuropathy:
a position statement by the American diabetes association. Diabetes
Care. [Internet]. 2017;40:136-54. Available at: http://care.diabetes-
journals.org/lookup/doi/10.2337/dc16-2042. [Access date 13 July,
2021].

Dyck PJ, Kratz KM, Karnes JL, et al. The prevalence by staged severity
of various types of diabetic neuropathy, retinopathy, and nephropathy
in a population-based cohort: the rochester diabetic neuropathy study.
Neurology. [Internet]. 1993;43:817-24. Available at: http://www.neu-
rology.org/cgi/doi/10.1212/WNL.43.4.817. [Access date July, 2021].
Young MJ, Boulton AJM, Macleod AF, et al. A multicentre study of the
prevalence of diabetic peripheral neuropathy in the United Kingdom
hospital clinic population. Diabetologia. [Internet]. 1993;36:150—4.
Available at: http:/link.springer.com/10.1007/BF00400697. [Access
date 13 July, 2021].

Dyck PJ, Dyck PJ, Larson TS, et al. Patterns of quantitative sensation
testing of hypoesthesia and hyperalgesia are predictive of diabetic poly-
neuropathy: a study of three cohorts. Nerve growth factor study group.
Diabetes Care. [Internet]. 2000;23:510-7. Available at: http://care.dia-
betesjournals.org/cgi/doi/10.2337/diacare.23.4.510. [Access date 12
July, 2021].

Serra J. Microneurography: towards a biomarker of spontaneous pain.
Pain [Internet]. 2012;153:1989-90. Available at: https://journals.lww.
com/00006396-201210000-00004. [Access date 12 July, 2021].
Hershey DS. Diabetic peripheral neuropathy: evaluation and manage-
ment. ] Nurse Practitioners. [Internet]. 2017;13:199-204.e1. Available
at:  https:/linkinghub.elsevier.com/retrieve/pii/S1555415516304986.
[Access date 29 November, 2021].

Perkins BA, Bril V. Diabetic neuropathy: a review emphasizing diagnostic
methods. Clin Neurophysiol. [Internet]. 2003;114:1167-75. Available
at:  https:/linkinghub.elsevier.com/retrieve/pii/S1388245703000257.
[Access date 1 December, 2021].

Petropoulos IN, Ponirakis G, Khan A, et al. Diagnosing diabetic neu-
ropathy: something old, something new. Diabetes Metab J. [Internet].
2018;42:255-69. Available at: http://e-dmj.org/journal/view.php?-
d0i=10.4093/dmj.2018.0056. [Access date 29 November, 2021].
Yovera-Aldana M, Veldsquez-Rimachi V, Huerta-Rosario A, et al.
Prevalence and incidence of diabetic peripheral neuropathy in Latin
America and the Caribbean: a systematic review and meta-analysis.
Negida A, editor. PLoS One. [Internet]. 2021;16:¢0251642. Available
at: https://dx.plos.org/10.1371/journal.pone.0251642. [Access date 1
December, 2021].

Lee-Kubli C, Marshall AG, Malik RA, et al. The H-Reflex as a bio-
marker for spinal disinhibition in painful diabetic neuropathy. Curr
Diab Rep. [Internet]. 2018;18:1. Available at: http:/link.springer.
com/10.1007/s11892-018-0969-5. [Access date 12 July de, 2021].
Jolivalt CG, Lee CA, Ramos KM, et al. Allodynia and hyperalge-
sia in diabetic rats are mediated by GABA and depletion of spinal
potassium-chloride co-transporters. Pain. [Internet]. 2008;140:48-57.
Available at: https://journals.lww.com/00006396-200811150-00006.
[Access date 12 July, 2021].

Herndndez-Reyes JE, Salinas-Abarca AB, Vidal-Cantu GC, et al.
aSGABAA receptors play a pronociceptive role and avoid the
rate-dependent depression of the Hoffmann reflex in diabetic neuro-
pathic pain and reduce primary afferent excitability. Pain. [Internet].
2019;160:1448-58. Available at: https://journals.lww.com/00006396-
201906000-00019. [Access date 13 July, 2021].

Kohn AF, Floeter MK, Hallett M. Presynaptic inhibition compared with
homosynaptic depression as an explanation for soleus H-reflex depres-
sion in humans. Exp Brain Res. [Internet]. 1997;116:375-80. Available at:
http:/link.springer.com/10.1007/PL00005765. [Access date 14 July, 2021].

[20]

(21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Medicine

Oza PD, Dudley-Javoroski S, Shields RK. Modulation of H-Reflex
depression with paired-pulse stimulation in healthy active humans.
Rehabil Res Pract. [Internet]. 2017;2017:1-6. Available at: https:/
www.hindawi.com/journals/rerp/2017/5107097/. [Access date 14 July,
2021].

Nguyen GL, Putnam S, Haile M, et al. Diet-induced obesity decreases
rate-dependent depression in the Hoffmann’s reflex in adult mice.
Physiol Rep. [Internet]. 2019;7:1-10.Available at: https://onlineli-
brary.wiley.com/doi/abs/10.14814/phy2.14271<. [Access date 12 July,
2021].

Marshall AG, Lee-Kubli C, Azmi S, et al. Spinal disinhibition in exper-
imental and clinical painful diabetic neuropathy. Diabetes. [Internet].
2017;66:1380-90. Available at: http://diabetes.diabetesjournals.org/
lookup/doi/10.2337/db16-1181. [Access date 12 July, 2021].
Worthington A, Kalteniece A, Ferdousi M, et al. Spinal inhibitory
dysfunction in patients with painful or painless diabetic neuropathy.
Diabetes Care. [Internet]. 2021;44:1835-41. Available at: http://care.
diabetesjournals.org/lookup/doi/10.2337/dc20-2797. [Access date 29
November, 2021].

Worthington A, Kalteniece A, Ferdousi M, et al. Optimal utility of
H-Reflex RDD as a biomarker of spinal disinhibition in painful and
painless diabetic neuropathy. Diagnostics. [Internet]. 2021;11:1247.
Available at: https://www.mdpi.com/2075-4418/11/7/1247. [Access
date 29 November, 2021].

Burke D. Clinical uses of H reflexes of upper and lower limb muscles.
Clin Neurophysiol Pract. [Internet]. 2016;1:9-17. Available at: https://
linkinghub.elsevier.com/retrieve/pii/S2467981X16300038. [Access
date 1 December, 2021].

American Diabetes Association. Introduction: Standards of Medical
Care in Diabetes—2021. Diabetes Care. 2020;44(Supplement 1):5S1-2.
Romero-Martinez M, Shamah-Levy T, Vielma-Orozco E, et al. Encuesta
Nacional de Salud y Nutricién 2018-19: metodologia y perspectivas.
Salud Publica Mex. [Internet]. 2019;61:917-23. Available at: https://
www.saludpublica.mx/index.php/spm/article/view/11095. [Access date
1 December, 2021].

Marshall AG, Lee-Kubli C, Azmi S, et al. Spinal disinhibition in exper-
imental and clinical painful diabetic neuropathy. Diabetes. [Internet].
2017;66:1380-90. Available at: http://diabetes.diabetesjournals.org/
lookup/doi/10.2337/db16-1181. [Access date 29 November, 2021].
Racinais S, Cresswell AG. Temperature affects maximum H-reflex
amplitude but not homosynaptic postactivation depression. Physiol
Rep. [Internet]. 2013;1:1-7.Available at: http://doi.wiley.com/10.1002/
phy2.19. [Access date 1 December, 2021].

Marya RK, Chandran AP, Maini BK, et al. Role of H-reflex latency
studies in the diagnosis of subclinical diabetic neuropathy. Indian J
Physiol Pharmacol. 1986;30:133-8.

Morgado C, Pinto-Ribeiro F, Tavares 1. Diabetes affects the expres-
sion of GABA and potassium chloride cotransporter in the spinal
cord: a study in streptozotocin diabetic rats. Neurosci Lett. [Internet].
2008;438:102-6. Available at: https:/linkinghub.elsevier.com/retrieve/
pii/S0304394008005120. [Access date 1 December, 2021].

Chan JM, Rimm EB, Colditz GA, et al. Obesity, fat distribution, and
weight gain as risk factors for clinical diabetes in men. Diabetes Care.
[Internet]. 1994;17:961-9. Available at: http://care.diabetesjournals.
org/cgi/doi/10.2337/diacare.17.9.961. [Access date 1 December, 2021].
Lee CC, Perkins BA, Kayaniyil S, et al. Peripheral neuropathy and
nerve dysfunction in individuals at high risk for type 2 diabetes:
the PROMISE cohort. Diabetes Care. [Internet]. 2015;38:793-800.
Available at:  http://care.diabetesjournals.org/lookup/doi/10.2337/
dc14-2585. [Access date 1 December, 2021].

Lee-Kubli CAG, Calcutt NA. Altered rate-dependent depression of
the spinal H-reflex as an indicator of spinal disinhibition in models
of neuropathic pain. Pain. [Internet]. 2014;155:250-60. Available at:
https://journals.lww.com/00006396-201402000-00008. [Access date
29 November, 2021].


http://link.springer.com/10.1007/s11892-019-1212-8
http://care.diabetesjournals.org/lookup/doi/10.2337/dc16-2042
http://care.diabetesjournals.org/lookup/doi/10.2337/dc16-2042
http://www.neurology.org/cgi/doi/10.1212/WNL.43.4.817
http://www.neurology.org/cgi/doi/10.1212/WNL.43.4.817
http://link.springer.com/10.1007/BF00400697
http://care.diabetesjournals.org/cgi/doi/10.2337/diacare.23.4.510
http://care.diabetesjournals.org/cgi/doi/10.2337/diacare.23.4.510
https://journals.lww.com/00006396-201210000-00004
https://journals.lww.com/00006396-201210000-00004
https://linkinghub.elsevier.com/retrieve/pii/S1555415516304986
https://linkinghub.elsevier.com/retrieve/pii/S1388245703000257
http://e-dmj.org/journal/view.php?doi=10.4093/dmj.2018.0056
http://e-dmj.org/journal/view.php?doi=10.4093/dmj.2018.0056
https://dx.plos.org/10.1371/journal.pone.0251642
http://link.springer.com/10.1007/s11892-018-0969-5
http://link.springer.com/10.1007/s11892-018-0969-5
https://journals.lww.com/00006396-200811150-00006
https://journals.lww.com/00006396-201906000-00019
https://journals.lww.com/00006396-201906000-00019
http://link.springer.com/10.1007/PL00005765
https://www.hindawi.com/journals/rerp/2017/5107097/
https://www.hindawi.com/journals/rerp/2017/5107097/
https://onlinelibrary.wiley.com/doi/abs/10.14814/phy2.14271<
https://onlinelibrary.wiley.com/doi/abs/10.14814/phy2.14271<
http://diabetes.diabetesjournals.org/lookup/doi/10.2337/db16-1181
http://diabetes.diabetesjournals.org/lookup/doi/10.2337/db16-1181
http://care.diabetesjournals.org/lookup/doi/10.2337/dc20-2797
http://care.diabetesjournals.org/lookup/doi/10.2337/dc20-2797
https://www.mdpi.com/2075-4418/11/7/1247
https://linkinghub.elsevier.com/retrieve/pii/S2467981X16300038
https://linkinghub.elsevier.com/retrieve/pii/S2467981X16300038
https://www.saludpublica.mx/index.php/spm/article/view/11095
https://www.saludpublica.mx/index.php/spm/article/view/11095
http://diabetes.diabetesjournals.org/lookup/doi/10.2337/db16-1181
http://diabetes.diabetesjournals.org/lookup/doi/10.2337/db16-1181
http://doi.wiley.com/10.1002/phy2.19
http://doi.wiley.com/10.1002/phy2.19
https://linkinghub.elsevier.com/retrieve/pii/S0304394008005120
https://linkinghub.elsevier.com/retrieve/pii/S0304394008005120
http://care.diabetesjournals.org/cgi/doi/10.2337/diacare.17.9.961
http://care.diabetesjournals.org/cgi/doi/10.2337/diacare.17.9.961
http://care.diabetesjournals.org/lookup/doi/10.2337/dc14-2585
http://care.diabetesjournals.org/lookup/doi/10.2337/dc14-2585
https://journals.lww.com/00006396-201402000-00008

