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ABSTRACT
Aims/Introduction: Diabetic neuropathy leads to postural instability. This study
compared longitudinal changes in neuropathy outcomes relative to long-term glycemic
control in patients aged <60 years with uncontrolled type 2 diabetes with and without a
short one-leg standing time (OLST <60 s).
Materials and Methods: In this retrospective study, 58 hospitalized patients with
type 2 diabetes (glycated hemoglobin [HbA1c] >7.0%; aged 17–59 years), who underwent
re-evaluation of neuropathic sensory symptoms, ankle reflexes and nerve conduction
attributes, and cardiac autonomic function (R-R interval), >1 year after discharge were
divided into OLST <60 and ≥60 s groups. Patients were followed up every 2–3 months
for HbA1c levels for up to 8 years. Neuropathy outcomes relative to OLST and HbA1c
levels at baseline and over follow up were compared.
Results: Additional development of sensory symptoms (one patient) and abnormal
ankle reflexes (five patients) were identified during follow up, and decreased peripheral
and cardiac autonomic function at both baseline and follow up, only in patients with
OLST <60 s. Mean HbA1c levels were significantly higher in patients with OLST <60 s
versus ≥60 s (7.8 – 0.9% vs 7.2 – 1.2%; P = 0.022). Better glycemic control during follow
up was associated with better neuropathy outcomes only in patients with OLST ≥60 s.
Conclusion: Non-elderly type 2 diabetes patients with OLST <60 s and decreased
peripheral nerve function at baseline are at increased risk for intractable diabetic
neuropathy. Better glycemic control alone might not improve neuropathy outcomes in
these patients.

INTRODUCTION
Diabetic neuropathy (DN) is one of the earliest and most com-
mon complications of diabetes, developing even in people with
prediabetes1, and affecting at least 50% of patients over time as
age advances2. The only effective therapeutic option is strict
glycemic control, which is known to dramatically reduce the
development and progression of DN in type 1 diabetes
patients3, although it provides only modest effects in type 2

diabetes patients4,5. The underlying mechanisms for the pro-
gressive and intractable nature of DN in type 2 diabetes
patients remain elusive, and might involve certain risk factors
and/or comorbidities that differ between type 1 and type 2 dia-
betes patients2,4.
Postural stability has been recognized as being impaired in

patients with DN6. Recently, we analyzed cross-sectional data
from hospitalized patients with uncontrolled type 2 diabetes
and showed that a short one-leg standing time (OLST) with
eyes open, a simple measure of postural instability7, was
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associated with peripheral and cardiac autonomic nerve dys-
function and clinical neuropathy in these patients, regardless of
age8. Postural stability is also especially impaired in elderly indi-
viduals aged >60 years9. To date, however, no studies have
investigated the longitudinal effects of OLST on neuropathy
outcomes and their association with glycemic control in non-
elderly patients with type 2 diabetes. Therefore, the present
study aimed to explore longitudinal changes in neuropathy out-
comes, and compare them with baseline and long-term glyce-
mic control in patients aged <60 years with uncontrolled
type 2 diabetes stratified according to OLST at baseline. We
hypothesized that a shorter OLST might be associated with
worse long-term neuropathy outcomes. This information would
help identifying patients at risk of developing intractable DN in
routine clinical settings.

MATERIALS AND METHODS
Study patients
A flow diagram of study patients is shown in Figure S1. Elderly
patients aged ≥60 years were excluded in the present study, as
our preliminary analyses showed that they were more likely to
have a short (<60 s) OLST (data not shown). Initially, we
selected 139 patients with uncontrolled type 2 diabetes (he-
moglobin (Hb) A1c >7.0% (53 mmol/mol)) aged between 17
and 59 years who were admitted to Ohta Nishinouchi Hospital,
Koriyama, Japan, and were being treated by a diabetologist
(KS) between December 2011 and November 2018. The com-
mon reason for hospitalization was to improve diabetes self-
management practice and glycemic control.
Then, we excluded patients who had newly diagnosed

(known diabetes duration of <1 year) or longstanding diabetes
(diabetes duration of >20 years), to match the duration of dia-
betes between patients with OLST <60 s and OLST ≥60 s.
Additionally, we excluded patients with the following exclusion
criteria at admission, which could affect the relationship
between OLST and neuropathy outcomes: (i) ketonuria (1+ or
more) accompanied by glycosuria; (ii) estimated glomerular fil-
tration rate <30 mL/min/1.73 m2; (3) C-reactive protein of
>3.0 mg/dL or erythrocyte sedimentation rate of >100 mm per
2 h (these upper limits were chosen to adjust for the cohort
size and the potential inclusion of patients with underlying dis-
eases, such as infection, collagen vascular diseases, hematologi-
cal disorders and malignant tumors); and (iv) a history of
coronary heart disease, stroke, peripheral artery disease or psy-
chiatric disorders.
After excluding 54 patients who met the above-mentioned

exclusion criteria, 85 patients remained as candidates for this
longitudinal follow-up study. All patients were able to partici-
pate in the supervised exercise programs (stretching/balance/re-
sistance training), and underwent an OLST test and
neurological examinations during hospitalization, as described
further in this section.
Of these candidates, 58 patients who underwent re-

evaluation of neuropathic sensory symptoms, ankle reflexes and

nerve conduction (NC) attributes >1 year after discharge until
June 2020 were finally identified as being eligible for study par-
ticipation. During hospitalization and after discharge, diabetes
self-management education/support for lifestyle modification
and glucose-lowering therapy were continued to achieve the
best possible glycemic control without hypoglycemia and to
meet individualized needs, based on the consensus statements
of the American Diabetes Association and the European Asso-
ciation for the Study of Diabetes. Patients visited the outpatient
clinic of this center typically every 2–3 months and were fol-
lowed for up to 8 years after discharge.
Available laboratory data, including levels of plasma glucose,

HbA1c, serum creatinine, lipids and C-peptide, obtained from
fasting blood samples on the second or third day after admis-
sion and from either fasting or non-fasting blood samples at
every visit after discharge, were retrieved from electronic medi-
cal records and analyzed anonymously. HbA1c data after dis-
charge were selected only if they were obtained more than
2 months after the previous measurement.

Body composition
We assessed body composition at the beginning of hospitaliza-
tion. A multifrequency bioelectrical impedance analyzer
(InBody 720; Biospace, Tokyo, Japan) was used to assess body
composition (fat mass and skeletal muscle mass). The skeletal
muscle index was calculated as appendicular skeletal muscle
mass in kilograms divided by the square of the height in meters.

OLST test
One-leg standing time with eyes open was measured for both
legs, up to a maximum of 60 s, to assess functional balance
during hospitalization. The study protocol allowed each patient
up to three attempts to reach the 60 s goal. If reached, a time
of 60 s was recorded. The values for both legs were averaged
and used for analysis, because the bilateral difference was nearly
zero (data not shown). As more than half of the OLSTs were
≥60 s, patients were dichotomized into two groups: 0–<60 and
≥60 s. Additionally, to confirm the repeatability of the OLST,
the OLST was re-evaluated more than 100 days after discharge
in 25 patients (mean follow-up period 877 days [standard devi-
ation (SD) 531 days]), and was observed as showing no differ-
ence between that during hospitalization and that at follow up
(46 [SD 19] vs 51 [SD17] s).

Ankle brachial index
Bilateral ankle brachial index in the supine position was mea-
sured using an oscillometric device (Form PWV/ABI BP-
203RPE; Omron Colin, Tokyo, Japan) during hospitalization,
and the values for the two sides were averaged for use in statis-
tical analysis.

Neurological examinations
Neurological examinations were carried out during hospitaliza-
tion and within 3 months before the latest NC studies after
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discharge. Positive neuropathic sensory symptoms included
numbness, prickling or tingling, burning, freezing, aching, or
lancinating pain in both toes, feet or legs10. Ankle reflexes were
deemed abnormal if they were unequivocally decreased or
absent despite reinforcement.

Current perception threshold detection
On the same day as the performance of the NC studies, as
described below, current perception threshold (CPT) was mea-
sured in the right great toe using the Neurometer NS3000
(Neurotron Inc., Baltimore, MD, USA) to selectively assess the
excitability of large myelinated Ab fibers, small myelinated Ad
fibers and small unmyelinated C fibers, by using an electrical
stimulus with a sinusoidal alternating current at three different
impulse frequencies of 2,000, 250 and 5 Hz, respectively. This
device uses a patient-directed double-blind procedure that is
automatically cycled (typically three to five times) with
increasing electrical stimuli from 0 to 10 mA, until a mini-
mum and constant threshold is obtained. The intra- and
inter-rater reliability of the device has been previously
reported11.

Nerve conduction study
Peripheral motor nerve function was assessed for the median
and tibial nerves, and peripheral sensory nerve function was
assessed for the median and sural nerves during hospitalization
and at follow up >1 year after discharge. NC studies were car-
ried out by the standard method, as described elsewhere12, with
digital electromyographic equipment using surface electrodes
for stimulation and recording (Viking Quest or EDX, Viking
Electrodiagnostic Software Version 22.1; CareFusion Japan,
Tokyo, Japan). If NC studies were repeatedly carried out after
discharge, we analyzed data from the latest follow up.

Coefficient of variation of R-R interval
Coefficient of variation of R-R interval (CVRR) at rest and
during deep breathing (6 breaths per min) was calculated
from 100 R-R intervals recorded on an electrocardiogram
(Cardio Star FCP-7541; Fukuda Denshi, Tokyo, Japan). This
device can identify supraventricular arrhythmia as a narrow
(≤120 ms) QRS complex and irregular adjacent R-R interval
(≥20% shorter than the preceding R-R interval and the med-
ian value of all R-R intervals recorded), and automatically
remove it from the CVRR analysis. Other electrocardiographic
abnormalities, including premature atrial contraction with an
abnormal P wave showing a different morphology and axis
from sinus P waves, were detected by visual inspection on the
R-R trend graphs and electrocardiographic waveforms of
leads II or V5. We also calculated the absolute change in
CVRR from rest to deep breathing to estimate the degree of
enhancement of cardiac parasympathetic activity during deep
breathing. CVRRs were measured during hospitalization and
on the day when the latest NC studies were carried out after
discharge.

Statistical analysis
The information obtained during hospitalization served as the
baseline value for exploring the longitudinal effects of OLST on
neuropathy outcomes and their association with the following
three HbA1c values: (i) baseline HbA1c at admission; (ii) mean
HbA1c over the follow-up period of >1 year after discharge
(excluding baseline HbA1c); and (iii) absolute difference in
HbA1c between admission (baseline) and final follow up, at the
time when the latest NC studies were carried out. Continuous
variables were evaluated as the mean (SD) or median (range)
according to their distribution, whereas categorical variables
were evaluated using counts and proportions. Differences in
clinical variables between patients with OLST <60 s and those
with OLST ≥60 s were assessed using the t-test or the Wil-
coxon rank sum test (two-sided) for continuous variables, and
Fisher’s exact test for categorical variables. Differences in con-
tinuous and categorical variables between baseline and follow
up were assessed using the Wilcoxon signed-rank sum test
(two-sided) and the McNemar test, respectively. Pearson’s cor-
relation coefficient (r) was used to evaluate the correlation
between the three HbA1c values and absolute differences
between baseline and follow-up values of the parameters used
to assess neuropathy outcomes. All statistical analyses were car-
ried out by a qualified and experienced statistician (TS) using
SAS 9.4 (SAS Institute Inc., Cary, NC, USA).

RESULTS
Baseline characteristics
Baseline clinical and anthropometric characteristics of the entire
cohort and of patients stratified according to OLST of <60 s
(n = 26) and ≥60 s (n = 32) are shown in Table 1. For all
patients, the median age and known diabetes duration was 50
(range 19–59) and 7 years (range 1–20), respectively. Patients
with both OLST <60 s and OLST ≥60 s showed similar base-
line characteristics, including anthropometric data, blood pres-
sure, levels of HbA1c, fasting serum C-peptide and lipids, and
microvascular complications.

Antihyperglycemic medications
Antihyperglycemic medications at admission and at follow up
in the entire cohort, and in groups stratified according to an
OLST of <60 s and OLST of ≥60 s are summarized in Table 2.
The use of any antihyperglycemic medications at admission
and at follow up did not differ between OLST <60 s and OLST
≥60 s groups. The use of sodium–glucose cotransporter 2 inhi-
bitors was more frequent, and that of insulin was less frequent,
at follow up than at admission, in the entire cohort, and in the
OLST <60 s and OLST ≥60 s groups. The use of glucagon-like
peptide (GLP)-1 receptor agonists (RAs) was more frequent at
follow up than at admission only in the entire cohort. The use
of injectable medications (i.e., insulins, GLP-1RAs or both) was
less frequent at follow up than at admission in the entire
cohort and in patients with OLST ≥60 s, but not in those with
OLST <60 s. There was a trend (P = 0.070) toward less
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frequent use of dipeptidyl peptidase-4 inhibitors and more fre-
quent use of GLP-1RA at follow-up than at admission only in
patients with OLST <60 s.

Neurological examination
Results of neurological examinations at baseline and at follow
up in the entire patient cohort, and in patients stratified into
OLST <60 s and OLST ≥60 s groups are shown in Table 3.

The prevalence of sensory symptoms and abnormal ankle
reflexes did not differ between patients in the OLST <60 and
≥60 s groups at baseline. We identified an additional one
patient with sensory symptoms, and five patients with abnor-
mal ankle reflexes at follow up, as compared with baseline in
the group with OLST <60 s, and the prevalence of abnormal
ankle reflexes was significantly higher in patients with OLST
>60 s than in those with OLST ≥60 s at follow up.

Table 1 | Baseline clinical and anthropometric characteristics in the entire cohort and in patients stratified according to one-leg standing time with
eyes open of <60 and ≥60 s

All patients (n = 58) OLST <60 s (n = 26) OLST ≥60 s (n = 32) P-value

OLST (s) 46 – 19 29 – 17 60 –
Men, n (%) 40 (69.0) 18 (69.2) 22 (68.8) 1.000
Age (years) 50 [19–59] 53 [19–59] 46 [30–58] 0.168
Diabetes duration (years) 7 [1–20] 8 [1–15] 4 [1–20] 0.346
Missing (n) 15 4 11

Alcohol use, n (%)
Never/former/current 33/6/19 (56.9/10.3/32.8) 18/3/5 (69.2/11.5/19.2) 15/3/14 (46.9/9.4/43.8) 0.141

Smoking history, n (%)
Never/former/current 14/20/24 (24.1/34.5/41.4) 7/8/11 (26.9/30.8/42.3) 7/12/13 (21.9/37.5/40.6) 0.843

Physical activity for at least 10 min/day, n (%)
None/<3 times/week/≥3 times/week 28/9/10 (59.6/19.2/21.3) 15/4/4 (65.2/17.4/17.4) 13/5/6 (54.2/20.8/25.0) 0.781
Missing data (n) 11 3 8

Body mass index (kg/m2) 25.6 – 5.1 26.2 – 5.5 25.2 – 4.7 0.468
Total body fat mass (%) 27.9 – 9.4 29.8 – 9.6 26.5 – 9.0 0.189
Missing (n) 1 1

Total-body skeletal muscle mass (%) 39.5 – 5.3 38.2 – 5.5 40.4 – 4.9 0.118
Lower limb skeletal muscle mass (%) 22.5 – 3.3 21.8 – 3.4 23.0 – 3.1 0.158
Missing (n) 1 1

Skeletal muscle index (kg/m2) 7.6 – 1.3 7.5 – 1.4 7.7 – 1.1 0.738
Missing (n) 1 1

Ankle brachial index 1.12 – 0.08 1.12 – 0.07 1.13 – 0.08 0.832
Systolic blood pressure (mmHg) 125 – 18 128 – 23 122 – 14 0.295
Diastolic blood pressure (mmHg) 79 – 14 81 – 16 77 – 11 0.200
HbA1c (%) 10.9 – 2.2 11.1 – 2.1 10.8 – 2.3 0.611
HbA1c (mmol/mol) 95.7 – 24.5 97.5 – 23.4 94.2 – 25.5 0.611
Fasting PG (mmol/L) 9.2 – 3.3 8.9 – 3.1 9.5 – 3.5 0.534
Fasting serum C-peptide (nmol/L) 0.57 – 0.33 0.57 – 0.38 0.57 – 0.30 0.942
eGFR (mL/min/1.73 m2) 87.8 – 25.8 86.5 – 30.3 88.9 – 21.9 0.730
Total cholesterol (mmol/L) 4.8 – 1.0 4.6 – 1.0 4.9 – 1.0 0.255
Triglycerides (mmol/L) 1.8 [0.5–7.3] 1.6 [0.8–3.9] 1.9 [0.5–7.3] 0.306
HDL cholesterol (mmol/L) 1.1 – 0.3 1.1 – 0.3 1.1 – 0.3 0.597
Retinopathy, n (%) 14 (24.1) 7 (26.9) 7 (21.9) 0.761
Albuminuria, n (%)
Normo/micro/macro 34/17/3 (63.0/31.5/5.6) 11/10/2 (47.8/43.5/8.7) 23/7/1 (74.2/22.6/3.2) 0.137
Missing (n) 4 3 1

Data are presented as the number (%), mean – standard deviation or median [range]. One-leg standing time with eyes open (OLST) was measured
for a maximum of 60 s, and patients were dichotomized based on OLSTs of 0 to <60 and ≥60 s. Skeletal muscle index was calculated as the
appendicular skeletal muscle mass in kilograms divided by the height in meters squared. Significant differences between patients with OLST <60 s
and those with OLST ≥60 s were assessed using the unpaired t-test or the Wilcoxon rank-sum test (two-sided). Fisher’s exact test was used for
comparisons of the proportions of patients with OLST <60 s versus ≥60 s. Normoalbuminuria was defined as a urine albumin : creatinine ratio of
<30 mg/g or <3.4 mg/mmol. Microalbuminuria was defined as a urine albumin : creatinine ratio of 30 to <300 mg/g or 3.4 to <33.9 mg/mmol.
Macroalbuminuria was defined as a urine albumin : creatinine ratio of ≥300 mg/g or ≥33.9 mg/mmol. eGFR, estimated glomerular filtration rate;
HbA1c, hemoglobin A1c; HDL, high-density lipoprotein; PG, plasma glucose.
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CPT detection
At baseline, there were no significant differences in any of the
CPT values at the three frequencies of 2,000, 250 and 5 Hz
between patients in the two OLST groups (Table 3). Median
values of CPT at 2,000 Hz at follow up significantly increased
and decreased compared with those at baseline in patients with
OLST <60 s and OLST ≥60 s, respectively, and were signifi-
cantly higher in patients with OLST <60 s than in those with
OLST ≥60 s.

Nerve conduction study
Nerve conduction attributes measured at baseline and at fol-
low up in the entire cohort, and in patients stratified into
OLST <60 s and OLST ≥60 s groups are summarized in

Table 4. Mean follow-up periods between baseline and the
final follow-ups were 1,204 – 685 days in the entire cohort,
and were similar in the OLST <60 s and OLST ≥60 s groups.
Patients with OLST <60 s had significantly slower tibial motor
NC velocities (MNCVs) and lower tibial compound muscle
action potentials at both baseline and follow-up than those
with OLST ≥60 s. Tibial MNCVs were significantly faster,
and F-wave latencies were significantly shorter at follow up
than at baseline in the entire cohort and in patients with
OLST ≥60 s, but not in those with OLST <60 s. None of the
attributes of sural sensory conduction differed between
patients with OLST <60 s and OLST ≥60 s, nor did they dif-
fer between baseline and follow up in the entire cohort or in
the two groups. Absence of evoked potentials was detected in

Table 2 | Antihyperglycemic medications at admission and at follow up in the entire cohort and in the groups stratified according to one-leg
standing time with eyes open <60 and ≥60 s

Antihyperglycemic medications All patients (n = 58) OLST <60 s (n = 26) OLST ≥60 s (n = 32) P-value† (<60 s vs ≥60 s)

Metformin, n (%)
At admission 48 (83) 23 (88) 25 (78) 0.487
At follow up 41 (71) 18 (69) 23 (72) 1.000
P-value (at admission vs at follow-up)‡ 0.144 0.125 0.754

SGLT-2 inhibitors, n (%)
At admission 7 (12) 3 (12) 4 (13) 1.000
At follow-up 23 (40) 10 (38) 13 (41) 1.000
P-value (at admission vs at follow up)‡ 0.001* 0.039* 0.023*

DPP-4 inhibitors, n (%)
At admission 17 (29) 11 (42) 6 (19) 0.081
At follow up 10 (17) 5 (19) 5 (16) 0.740
P-value (at admission vs at follow-up)‡ 0.119 0.070 1.000

Pioglitazone, n (%)
At admission 6 (10) 5 (19) 1 (3) 0.081
At follow up 9 (16) 6 (23) 3 (9) 0.274
P-value (at admission vs at follow-up)‡ 0.508 1.000 0.625

Sulfonylureas, n (%)
At admission 3 (5) 2 (8) 1 (3) 0.582
At follow up 1 (2) 0 (0) 1 (3) 1.000
P-value (at admission vs at follow up)‡ 0.625 – 1.000

GLP-1RAs, n (%)
At admission 3 (5) 2 (8) 1 (3) 0.582
At follow up 13 (22) 8 (31) 5 (16) 0.213
P-value (at admission vs at follow-up)‡ 0.013* 0.070 0.219

Insulins, n (%)
At admission 29 (50) 13 (50) 16 (50) 1.000
At follow up 7 (12) 3 (12) 4 (13) 1.000
P-value (at admission vs at follow up)‡ <0.001* 0.006* 0.004*

Injectable medications, n (%)
At admission 29 (50) 13 (50) 16 (50) 1.000
At follow up 16 (28) 10 (38) 6 (19) 0.140
P-value (at admission vs at follow up)‡ 0.024* 0.581 0.021*

Data are presented as the number (%). *Statistical significance (P < 0.05). Injectable medications include insulin and glucagon-like peptide-1 recep-
tor agonists (GLP-1RAs). DPP-4, dipeptidyl peptidase-4; SGLT, sodium–glucose cotransporter. †Fisher’s exact test was used for comparisons of the
proportions of patients with one-leg standing time with eyes open (OLST) <60 s versus OLST ≥60 s. ‡Categorical values at baseline and at follow-
up were compared using McNemar’s test.
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eight and seven patients with OLST <60 s at baseline and fol-
low up, respectively.

CVRR
Coefficient of variation of R-R interval at rest was significantly
lower at baseline, whereas CVRR during deep breathing and
absolute changes in CVRR from rest to deep breathing were
significantly lower at both baseline and follow up in patients
with OLST <60 s than in those with OLST ≥60 s (Table 4).
There were no significant differences in any measures of CVRR
between baseline and follow up in the entire cohort or in the
two groups.

Changes in HbA1c
Mean values of HbA1c changed from 11.1 (SD 2.1)% (97.5
[SD 23.4] mmol/mol) at admission to 8.1 (SD 1.6)% (65.4 [SD
17.5] mmol/mol) at follow up in patients with OLST <60 s,
and from 10.8 (SD 2.3)% (94.2 [SD 25.5] mmol/mol) at

admission to 7.8 (SD 2.0)% (61.5 [SD 21.9] mmol/mol) at fol-
low up in those with OLST ≥60 s (Figure 1). Absolute differ-
ences in HbA1c between baseline and follow up were similar
between patients with OLST <60 s (mean -2.9 [SD 2.8]% [-
32.1 (SD 30.3) mmol/mol]) and those with OLST ≥60 s (mean
-3.0 [SD 3.1]% [-32.7 (SD 33.8) mmol/mol]). In contrast, the
mean HbA1c over the follow-up period was significantly higher
in patients with OLST <60 s than in those with OLST ≥60 s
(7.8 – 0.9% [62.2 – 10.4 mmol/mol] vs 7.2 – 1.2%
[54.8 – 13.1 mmol/mol]; P = 0.022; Table 4). The number of
measurements used for calculating the mean HbA1c did not
differ between the two groups. Among the evaluated HbA1c
measurements, values ≥8.0% were seen at least once in 10
patients (38.5%) in the OLST <60 s group and seven patients
(21.9%) in the OLST ≥60 s group. Overall, the mean HbA1c
tended to increase with a longer duration of follow up. Two
patients in the OLST <60 s group and 10 in the OLST ≥60 s
group had a mean HbA1c <6.5% over the first 3 years,

Table 3 | Results of neurological examinations and current perception threshold detection at baseline and follow up in the entire cohort and in
patients segregated into one-leg standing time with eyes open <60 s and one-leg standing time with eyes open ≥60 s groups

All patients (n = 58) OLST <60 s (n = 26) OLST ≥60 s (n = 32) P value (<60 s vs ≥60 s)

Sensory symptoms, n (%)
At baseline 13 (22.4) 8 (30.8) 5 (15.6) 0.213
At follow up 14 (24.1) 9 (34.6) 5 (15.6) 0.126
P-value (at baseline vs at follow up) 1.000 1.000 1.000

Abnormal ankle reflexes, n (%)
At baseline 36 (62.1) 17 (65.4) 19 (59.4) 0.787
At follow up 41 (70.7) 22 (84.6) 19 (59.4) 0.046*
P-value (at baseline vs at follow up) 0.227 0.125 1.000

CPT (100 = 1 mA)
2,000 Hz (Ab fiber function)
At baseline 260 [10–740] 260 [10–740] 280 [140–600] 0.720
Missing (n) 5 2 3
At follow up 280 [100–920] 320 [120–920] 260 [100–480] 0.018*
Missing (n) 2 2
P-value (at baseline vs at follow up) 0.902 0.024* 0.011*
250 Hz (Ad fiber function)
At baseline 105 [15–300] 98 [15–285] 105 [45–300] 0.399
Missing, n 5 2 3
At follow up 113 [15–540] 105 [30–540] 120 [15–225] 0.650
Missing (n) 2 2
P-value (at baseline vs at follow up) 0.743 0.503 0.265
5 Hz (C fiber function)
At baseline 70 [10–240] 74 [10–240] 60 [10–160] 0.964
Missing (n) 5 2 3
At follow up 50 [10–470] 40 [10–470] 65 [10–130] 0.195
Missing (n) 2 2
P-value (at baseline vs at follow up) 0.116 0.156 0.456

Data are presented as the number (%) or median [range]. *Statistical significance (P < 0.05). Fisher’s exact test was used for comparisons of the pro-
portions of patients with one-leg standing time with eyes open (OLST) <60 s versus OLST ≥60 s. Categorical values at baseline and at follow up
were compared using McNemar’s test. Significant differences in current perception threshold (CPT) values between patients with OLST <60 s and
OLST ≥60 s ,and between baseline and follow-up values were assessed using the Wilcoxon rank-sum test and Wilcoxon signed rank sum test (two-
sided), respectively.
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although none of the remaining 46 patients (24 (92.3%) in the
OLST <60 s group and 22 (68.8%) in the OLST ≥60 s group)
had a mean HbA1c of <6.5% over the follow-up period of up
to 8 years.

Correlation between the three HbA1c values and neuropathy
outcomes
We calculated Pearson’s correlation coefficient (r) to assess the
correlation between the three HbA1c values (baseline HbA1c,
mean HbA1c during follow-up, and difference between baseline
and follow-up values) and absolute differences in multiple mea-
sures of neuropathy outcomes between baseline and follow up
(Table 5). As hypothesis testing depends on sample size, P-
values were not applied when we sought to determine the asso-
ciations between the variables examined in the present study.
Instead, we took note of the association with absolute r (|r|) val-
ues >0.4.
Baseline HbA1c was positively associated with absolute dif-

ferences in CPT values at 5 Hz (r = 0.55) and sensory nerve
action potential amplitude (SNAP; r = 0.48) only in patients
with OLST ≥60 s. The mean HbA1c over the follow-up period
was positively associated with absolute differences in CPT val-
ues at 2,000 Hz (r = 0.42) and F-wave latency (r = 0.43), and
was negatively associated with absolute differences in com-
pound muscle action potential amplitude (CMAP; r = -0.40),
sensory NC velocity (SNCV) (r = -0.41) and SNAP (r = -
0.42) only in patients with OLST ≥60 s. Absolute differences in
HbA1c between baseline and follow up were positively associ-
ated with absolute differences in CPT values at 2,000 Hz
(r = 0.44) and F-wave latency (r = 0.64), and were negatively
associated with absolute differences in CPT values at 5 Hz
(r = -0.45), MNCV (r = -0.55), CMAP (r = -0.43) and SNAP
(r = -0.54) only in patients with OLST ≥60 s (Figure 2).Ta
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Figure 1 | Box and whisker plots showing the mean (diamonds in the
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hemoglobin A1c (HbA1c) at admission (baseline) and follow up in
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DISCUSSION
In the present retrospective, longitudinal, cohort study, non-
elderly patients (aged <60 years) with OLST <60 and ≥60 s
shared similar baseline clinical and anthropometric

characteristics, as well as microvascular complications (Table 1),
and were treated with similar antihyperglycemic medications
(Table 2) at admission. Although HbA1c decreased significantly
in both the OLST groups after discharge, an additional one and
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Figure 2 | Linear regression lines for absolute differences in hemoglobin A1c (HbA1c) between baseline and follow up versus absolute differences
in current perception threshold (CPT) values at (a) 2,000 Hz, (b) 250 Hz and (c) 5 Hz, (d) motor nerve conduction velocity (MNCV), (e) F-wave
latency, (f) compound muscle action potential amplitude (CMAP), (g) sensory nerve conduction velocity (SNCV), (h) sensory nerve action potential
amplitude (SNAP), (i) CVRR at rest, (j) coefficient of variation of the R-R interval (CVRR) during deep breathing and (k) absolute change in CVRR
between baseline and follow up in patients with one-leg standing time with eyes open (OLST) <60 s and OLST ≥60 s. r, Pearson’s correlation
coefficient.
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five patients developed sensory symptoms and abnormal ankle
reflexes, respectively, over the follow-up period of up to 8 years
only in the OLST <60 s group (Table 3). Median values of
CPT at 2,000 Hz at follow up increased significantly in patients
with OLST <60 s, whereas they decreased in those with OLST
≥60 s compared with the respective values at baseline (Table 3),
suggesting higher and lower likelihoods of developing large
myelinated Ab fiber dysfunction in patients with OLST <60 s
and OLST ≥60 s after discharge, respectively. In contrast, we
did not detect any changes in CPT values at 250 or 5 Hz
between baseline and follow-up in the two OLST groups, sug-
gesting no significant longitudinal effects of OLST or HbA1c
reduction after discharge on small myelinated Ad fiber function
or unmyelinated C fiber function, respectively. The reasons for
such different outcomes in the different subclasses (large vs
small) of sensory fibers remain unknown. Recently, small sen-
sory fiber neuropathy has been linked to metabolic syndrome13.
As insulin receptors with a higher affinity for insulin are pre-
dominantly expressed in small- to medium-sized sensory neu-
rons14,15, we speculate that impaired availability of insulin
might preferentially affect small sensory fiber function. This
assumption, however, should be tested in future studies.
The present study evaluated objective measurements of

peripheral (NC) and cardiac autonomic nerve function (CVRR;
Table 4), and showed significant decreases in MNCV, CMAP,
and CVRR at rest and during deep breathing, as well as in its
absolute change from rest to deep breathing at both baseline
and follow up in patients with OLST <60 s compared with
those with OLST ≥60 s. These findings are consistent with our
previous study that showed the association between short OLST
and peripheral and cardiac autonomic nerve dysfunction8.
Additionally, a significant increase in MNCV and decrease in
F-wave latency at follow up, as compared with baseline, were
observed in patients with OLST ≥60 s, showing that better
motor nerve function outcomes can be expected in patients
with a longer OLST. In contrast, large sensory nerve functions
were well preserved, as shown by SNCV and SNAP, both of
which were close to normal (our hospital reference values for
SNCV and SNAP developed in 141 healthy volunteers are
≥50.7 m/s and ≥8.0 µV, respectively), and did not differ
between the two OLST groups at either baseline or follow up.
Therefore, OLST might be more closely related to motor nerve
functions rather than large sensory nerve functions, an assump-
tion that also needs to be addressed in future studies.
HbA1c at both baseline and follow up did not differ between

patients with OLST <60 and ≥60 s. Substantial decreases in
HbA1c were associated with less frequent use of insulin in both
the OLST groups after discharge, which likely reflected the indi-
vidualized clinical decisions to achieve the best possible glyce-
mic control while minimizing hypoglycemia. In contrast, the
mean HbA1c over the follow-up period was significantly higher
in patients with OLST <60 s than in those with OLST ≥60 s,
which might be because glycemic control tended to deteriorate
sooner after discharge in patients with OLST <60 s than in

those with OLST ≥60 s. In fact, over the first 3 years, just two
patients with OLST <60 s showed mean HbA1c <6.5%, com-
pared with 10 patients in the OLST ≥60 s group. Suboptimal
glycemic control associated with OLST <60 s might trigger the
immediate intensification of antihyperglycemic medications,
especially with a switch from dipeptidyl peptidase-4 inhibitors
to GLP-1RA over the follow-up period (Table 2). As our recent
study showed that patients with OLST <60 s were less likely to
discontinue injectable medications than those with OLST ≥60 s
during hospitalization16, the present results suggest that patients
with a short OLST might bear an increasing burden of antihy-
perglycemic medications required to achieve optimal glycemic
control.
Cumulative glycemic exposure has been linked to the devel-

opment of microvascular complications of diabetes, including
DN17. Maintenance of near-normoglycemia from the diagnosis
of type 1 diabetes over 24 years completely prevents peripheral
and autonomic nerve dysfunction, as well as clinical neuropa-
thy18. In patients with uncontrolled type 2 diabetes of short
duration and DN, reduction in HbA1c to near-normal levels
(mean HbA1c 6.1%) over 4.3 years more effectively improves
DN than does standard glycemic control (mean HbA1c
7.0%)19. Nevertheless, achieving near-normoglycemia seems to
be less effective in terms of preventing the onset and progres-
sion of DN in type 2 diabetes than in type 1 diabetes20,21. In
the Rochester Diabetic Neuropathy Study cohort following
patients with both type 1 and type 2 diabetes for up to
20 years, cumulative glycemic exposure explained only a minor
part of the variability of the severity of complications, indicating
the role of other putative mechanisms for DN17. In the present
study, lower mean HbA1c over the follow-up period of up to
8 years was associated (|r| > 0.4) with better neuropathy out-
comes, as shown by absolute differences in the values of CPT
(at 2,000 Hz) and NC attributes (F-wave latency, CMAP,
SNCV and SNAP) between baseline and follow up, only in
patients with OLST ≥60 s and not in those with OLST <60 s
(Table 5). The reasons for this discrepancy in the impact of
better long-term glycemic control on neuropathy outcomes
between OLST <60 s and OLST ≥60 s groups remain unclear,
although it is possible that a short OLST associated with
decreased peripheral nerve function might be a potential bio-
marker for identifying intractable DN that is difficult to treat
even after achieving better glycemic control.
We found that absolute differences in HbA1c between base-

line and follow up had slightly stronger associations with abso-
lute differences in some measures of neuropathy outcomes
(such as MNCV, F-wave latency, CMAP and SNAP) than did
mean HbA1c over the follow-up period in patients with OLST
≥60 s (Table 5). This suggests that the degree to which
improvements in glycemic control can be achieved has a
greater influence on neuropathy outcomes than the long-term
maintenance of glycemic control in these patients. Among the
three HbA1c values assessed, baseline HbA1c was found to
have the weakest association with changes in neuropathy
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outcomes (Table 5), underscoring the importance of future
improvements in glycemic control to obtain better DN out-
comes in patients with uncontrolled type 2 diabetes.
In the present study, we unexpectedly found that none

of the three HbA1c measurements had high associations
(|r| > 0.4) with absolute differences in CVRR measurements,
suggesting the involvement of risk factors other than hyper-
glycemia, such as age, diabetes duration, obesity, hypertension,
dyslipidemia and other microvascular complications, in the car-
diac autonomic dysfunction of type 2 diabetes22,23.
There were several limitations to the present study. First, as

the mean HbA1c over the follow-up period was higher in
patients with OLST <60 s, their long-term glycemic control
might have been insufficient for improving nerve function.
However, as shown in Figure 2, up to a 10% decrease in
HbA1c from baseline to follow up was not associated with sig-
nificant improvements in neuropathy outcomes in these
patients, supporting the idea that patients with a shorter OLST
might be more likely to have intractable DN. Second, glycemic
variability cannot be assessed by measuring HbA1c alone, and
is worth further investigation as a possible risk factor for both
large24 and small fiber neuropathy19. Third, as each patient had
different follow-up periods, spurious associations between the
follow-up period and the variables examined cannot be ruled
out. However, inconsistent (positive/inverse/no) associations
between the follow-up period and mean HbA1c and changes in
neuropathy outcomes between patients with OLST <60 s and
OLST ≥60 s (data not shown) precluded us from adjusting for
the follow-up period in the observed associations. Finally, unex-
pected associations existed between baseline HbA1c and abso-
lute differences in SNAP, and between absolute differences in
HbA1c and absolute differences in CPT values at 5 Hz
(Table 5). These findings suggest that hyperglycemia at baseline
and its persistence at follow up might result in better outcomes
in terms of certain sensory functions in patients with uncon-
trolled type 2 diabetes. These observations warrant further con-
firmation in future large prospective studies, especially as they
seem contrary to the commonly held clinical beliefs.
In conclusion, the present study results suggest that non-

elderly uncontrolled type 2 diabetes patients with OLST <60 s
and decreased peripheral nerve function might be at an
increased risk for intractable DN and cross a “point of no
return”, beyond which better glycemic control alone might not
lead to better neuropathy outcomes. Further study is required
to confirm these findings and assumptions.
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Figure S1 | Flow diagram of the study participants.

ª 2022 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd. J Diabetes Investig Vol. 13 No. 6 June 2022 1051

O R I G I N A L A R T I C L E

http://wileyonlinelibrary.com/journal/jdi One-leg standing time and neuropathy


	 Abstract
	 INTRODUCTION
	 MATERIALS AND METHODS
	 Study patients
	 Body com�po�si�tion
	 OLST test
	 Ankle brachial index
	 Neu�ro�log�i�cal exam�i�na�tions
	 Cur�rent per�cep�tion thresh�old detec�tion
	 Nerve con�duc�tion study
	 Coef�fi�cient of vari�a�tion of R-R inter�val
	 Sta�tis�ti�cal anal�y�sis

	 RESULTS
	 Base�line char�ac�ter�is�tics
	 Anti�hy�per�glycemic med�i�ca�tions
	 Neu�ro�log�i�cal exam�i�na�tion
	 CPT detec�tion
	 Nerve con�duc�tion study
	 CVRR
	 Changes in HbA1c
	 Cor�re�la�tion between the three HbA1c val�ues and neu�ropa�thy out�comes
	jdi13751-fig-0001

	 DISCUSSION
	jdi13751-fig-0002

	 ACKNOWLEDGMENTS
	 DISCLOSURE
	 REFERENCES
	jdi13751-bib-0001
	jdi13751-bib-0002
	jdi13751-bib-0003
	jdi13751-bib-0004
	jdi13751-bib-0005
	jdi13751-bib-0006
	jdi13751-bib-0007
	jdi13751-bib-0008
	jdi13751-bib-0009
	jdi13751-bib-0010
	jdi13751-bib-0011
	jdi13751-bib-0012
	jdi13751-bib-0013
	jdi13751-bib-0014
	jdi13751-bib-0015
	jdi13751-bib-0016
	jdi13751-bib-0017
	jdi13751-bib-0018
	jdi13751-bib-0019
	jdi13751-bib-0020
	jdi13751-bib-0021
	jdi13751-bib-0022
	jdi13751-bib-0023
	jdi13751-bib-0024


