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Abstract

Diabetic peripheral and autonomic neuropathies are common complications of diabetes with broad
spectrums of clinical manifestations and high morbidity. Studies using various agents to target the
pathways implicated in the development and progression of diabetic neuropathy were promising in
animal models. In humans, however, randomized controlled studies have failed to show efficacy on
objective measures of neuropathy. The complex anatomy of the peripheral and autonomic nervous
systems, the multitude of pathogenic mechanisms involved, and the lack of uniformity of
neuropathy measures have likely contributed to these failures. To date, tight glycemic control is
the only strategy convincingly shown to prevent or delay the development of neuropathy in
patients with type 1 diabetes and to slow the progression of neuropathy in some patients with type
2 diabetes. Lessons learned about the role of glycemic control on distal symmetrical
polyneuropathy and cardiovascular autonomic neuropathy are discussed in this review.
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Introduction

Diabetic neuropathy (DN) complicates type 1 and type 2 diabetes [1, 2]. The spectrum of
clinical manifestations is broad, although a large number of patients with DN may be
asymptomatic in various stages of the disease [1, 2, 3¢]. Numerous classifications have been
proposed both for clinical care and for research purposes [1, 2, 3¢].

Among peripheral DNs, the most studied in clinical trials is distal (length-dependent)
symmetrical sensorimotor polyneuropathy (DSP), and among autonomic neuropathies, the
most studied is cardiovascular autonomic neuropathy (CAN). Evidence pertinent to these
two forms of DN is included in this review.

Measures of DSP Used in Large Clinical Trials

The 2009 Toronto Consensus Panel on Diabetic Neuropathies updated the definitions and
diagnostic criteria for DSP for use in clinical trials to represent several different categories of
diagnostic “certainty,” including possible, probable, confirmed, and subclinical categories

[2, 3]. Table 1 provides a comprehensive summary of DSP measures used in large
observational and randomized glucose control trials. The majority of these trials were
designed/conducted prior to the above recommendations, which may partly explain the lack
of uniformity of DSP measures and criteria. DSP assessments in some of the largest trials
are briefly described below.

The Diabetes Control and Complications Trial (DCCT), a randomized controlled trial in
patients with type 1 diabetes (T1D), and its follow-up, the observational Epidemiology of
Diabetes Interventions and Complications (EDIC) study [25], used robust measures of DSP
[11, 12]. Briefly, DSP was assessed by board-certified neurologists using a standardized
evaluation to identify symptoms, signs, and temperature-controlled nerve conduction
abnormalities consistent with DSP, at DCCT baseline, after 5 years of DCCT participation
and/or at the end of the DCCT and again during EDIC year 13-14 [12, 26, 27]. The
Michigan Neuropathy Screening Instrument (MNSI) was introduced at the start of the EDIC
follow-up as an annual measure of DSP [27, 28]. Vibration perception threshold (VPT)
testing was performed at EDIC year 13-14 [26e, 29].

The primary DSP outcome in DCCT and EDIC was confirmed clinical neuropathy, defined
as the presence of clinically evident neuropathy and nerve conduction studies (NCSs)
abnormalities [11-13, 26¢]. Clinically evident neuropathy was defined as at least two
positive findings among sensory symptoms, signs, or reflex abnormalities consistent with a
distal symmetrical polyneuropathy as assessed clinically by a neurologist; abnormal NCSs
were defined by the presence of at least one abnormal NCS attribute >2 nerves among the
median, peroneal, and sural nerves [11-13, 26¢]. Other DSP outcomes measured during
DCCT/EDIC included abnormal VPT (defined as >2.5 SD age-adjusted mean of nondiabetic
referents), abnormal MNS/ (score of =7 on the symptom questionnaire or a score of >2 on
the structured examination) [27, 28], and neuropathy related quality of life measures [12, 13,
26, 27].
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A trial in Japanese participants with type 2 diabetes (T2D) randomized to either intensive or
conventional insulin treatment used relatively objective DSP evaluations that included
temperature-controlled NCS, but at the median nerve only, and VVPT at baseline and after 6
years of follow-up [17].

The rest of the large trials used less robust DSP measures, often limited to clinical
instruments (Table 1). Among these, the MNSI, a two-step instrument comprising a 15-item
yes/no symptom questionnaire and a clinical examination (MNSIc) [30], has been used
extensively. A cutoff of >2 on MNSIc has been shown to have the highest sensitivity and
specificity for correctly classifying DSP defined by symptoms, signs, and NCS
abnormalities [30, 31]. The MNSIc served as the primary DSP measures in several large
randomized clinical trials evaluating the role of glucose control or glucose-lowering
strategies in patients with T2D, including Action to Control Cardiovascular Risk in Diabetes
(ACCORD) [22], Bypass Angioplasty Revascularization Investigation 2 Diabetes (BA-RI
2D) [24¢], and the ADDITION-Denmark Study [21]. The VA Cooperative Study on Type Il
Diabetes Mellitus (VA-CSDM) [19] used abbreviated versions of the Neuropathy Disability
Score and Neuropathy Symptom Profile [32, 33]. The European IDDM Prospective
Complications Study (EURODIAB), an observational study that included >3,000
participants with T1D across Europe, used self-reported symptoms, some physical signs, and
VPT [34]. The United Kingdom Prospective Diabetes Study (UKPDS) included assessment
of knee and ankle reflexes and VPT [18], the Steno-2 trial used VPT [23], while the Veteran
Affairs Diabetes Trial (VADT) used annual self-reported neuropathy [20].

Thus, the evaluation of the impact of glucose control on neuropathy outcomes in many large
randomized trials is limited by the lack of uniformity of DSP definitions and measures used.
DSP was a secondary outcome in most of these trials, and the costs and burden to sponsors,
sites, and participants could have prohibited more comprehensive DSP evaluations.
Confounding the assessment of DSP in clinical trials is that many clinical scales may be
insufficiently sensitive to reliably capture small, incremental DSP worsening or show
monotonic change over relatively short periods (e.g., 2-4 years) of follow-up [35].
Furthermore, the reproducibility of a clinical diagnosis of DSP, even among experienced
physicians, is rather poor, as has been recently shown [36].

None of the trials considered previously assessed small-fiber DSP. Neither NCSs nor any
other of the commonly used tools/instruments provide direct information on deficits
preferentially involving small fibers [37, 38]. Diagnosing a small-fiber DSP is challenging,
and many of the currently available tests are invasive, not sufficiently validated, and
expensive [2, 37]. However, the lack of small-fiber DSP measures in these trials precludes
objective estimations of the true effects of glucose control on neuropathy, since the earliest
and, presumably, most susceptible to therapeutic interventions stages of DSP were not
evaluated.
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Measures of CAN Used in Large Clinical Trials

A summary of CAN measures used in large glucose control trials is provided in Table 2.
Brief descriptions are provided for some representative trials, many of which were already
discussed above.

Rigorous and comprehensive CAN evaluations were performed in DCCT/EDIC. CAN was
assessed during DCCT at baseline every 2 years and at DCCT-end and in EDIC during years
13-14 and 16-17, using standard cardiovascular reflex testing (CARTS) that included R-R
variation to paced breathing (RRV), R—-R response to Valsalva maneuver (VR), and postural
changes in blood pressure [26¢, 27, 40]. These tests are objective, standardized, simple to
use, highly reproducible [41, 42], and endorsed by the Toronto Consensus on Diabetic
Neuropathies as the gold standard [2, 43]. The primary CAN outcome in DCCT/EDIC was
as either RRV<15 or RRV=15-19.9 plus VR<1.5 or a decrease of >10 mmHg in diastolic
blood pressure [26¢, 27, 40, 41]. Secondary CAN outcomes included changes in age-
adjusted continuous measures of RRV and VR [26e, 27]. Participants were questioned about
autonomic symptoms at EDIC year 13-14 [27, 41]. VA-CSDM reported CAN measures
similar to those used in DCCT [19].

Less standardized assessments were used in other large trials (Table 2). EURODIAB queried
symptoms and changes in heart rate and blood pressure with standing [39, 44], while the
UKPDS assessed R-R intervals with deep breathing and standing [18]. Steno-2 assessed R—
R interval during paced breathing and presence of orthostatic-hypotension [23], ADDITION
obtained resting heart rate variability and some CARTSs, but only at the 6-year follow-up
visit. The VADT relied on self-reported autonomic symptoms [20]. The ACCORD trial
identified CAN using indices of heart rate variability derived from short ECG recordings
[45].

Thus, as with the DSP evaluations, a major limitation in correctly estimating the effects of
glucose control interventions on CAN is a lack of standardized measures used in these trials.

Lessons from Type 1 Diabetes Trials

Despite limitations in assessments and outcome-measure standardization, beneficial effects
of glucose control on measures of DSP and/or CAN in T1D have been shown (Tables 1 and
2). In a small observational trial, DSP prevalence increased from ~12 % to ~60 %, and CAN
prevalence increased from ~3 % to 23 % after 5 years of follow-up in the group with poor
glucose control, as compared with better glucose control where DSP and CAN prevalence
were static [4]. The Pitts-burgh Epidemiology of Diabetes Complications (EDC) Study, a
prospective cohort study of childhood-onset T1D, reported significant baseline associations
between higher Alc and DSP [5]. A decline in the incidence of DSP and CAN associated
with declining Alc levels was reported in a subset of EDC participants in whom DSP and
CAN were reassessed after 2025 years [46]. The Wisconsin Epidemiologic Study of
Diabetic Retinopathy reported 20 % decrease in the incidence of DSP for a 2 % decrease in
Alc from baseline to the 4th year of follow-up [8]. EURODIAB reported a substantial
increase in DSP prevalence with increasing Alc levels among ~3,000 patients with T1D
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(<15 % in participants with Alc <5.4 % vs. 40 % in those with Alc >7.8 %) [34]. Strong
correlations were also observed between Alc and the prevalence of CAN at baseline [44].
Hypertension, smoking, obesity, and triglycerides were independent risk factors for
neuropathy in the EURODIAB T1D cohort [34].

None of these studies were designed specifically to measure the effects of glucose control on
DSP or CAN, yet their data further support the benefits of blood glucose control on DSP and
CAN.

The DCCT and the follow-up observational EDIC (DCCT/EDIC), which recently marked its
30th year, stands as the pivotal trial demonstrating clear and persistent benefits of tight
glucose control for both DSP and CAN in patients with T1D [26e, 47]. DCCT enrolled 1,441
patients with T1D who were randomly assigned to intensive or conventional insulin therapy
[11, 12, 26, 27]. Both DSP and CAN were uncommon at DCCT start, in part owing to the
intentional exclusion of persons with symptomatic neuropathy [26e, 27]. After an average of
6.5 years of follow-up, Alc was 7.4 % in the intensive group and 9.1 % in the conventional
group [11]. The prevalence of confirmed DSP increased substantially in the conventional
participants (from 5 % to 17 %; p<.001) and only slightly among the intensive group
participants (from 7 % to 9 %) [11, 12, 26, 27]. Adjusting for the presence of confirmed
DSP at baseline, the risk reduction for incident DSP with intensive glucose control during
DCCT was 64 % (95 % CI 45-76) [11, 12, 26¢]. The prevalence of CAN almost doubled in
the conventional group by DCCT-end, while remaining static in the intensive group [11, 40].
The risk reduction in incident CAN with intensive therapy during DCCTwas 45 % [11, 26e,
27, 40].

The DCCT/EDIC has furthered the understanding of the role of glucose control in the
development and progression of neuropathy [26e, 27]. At DCCT closeout, all participants
were encouraged to adopt intensive treatment, and diabetes care was transitioned to
community-based providers. Most DCCT participants (94 %) agreed to participate in the
EDIC follow-up [11, 25]. The Alc separation between former intensive and conventional
treatment groups observed through the DCCT-end quickly waned; by the 5th year of EDIC
follow-up, no statistically significant Alc separation remained [41]. Prevalence of DSP
increased during EDIC in both groups, and despite no measureable difference in glucose
control, a 30 % reduction in the risk of developing confirmed that DSP with prior intensive
glucose control persisted [26¢, 27]. Similar trends were observed on several NCS measures
[13, 26e, 27]. After adjusting for NCS results at DCCT closeout, the risk reduction
attenuated to 17 % (not significant), suggesting that different levels of subclinical DSP (as
documented by differences in NCS at DCCT-end) contributed to the finding of a persistent
benefit [13, 26¢, 48]. Logistic regression analyses to evaluate the effects of glycemic control
on prevalent and incident DSP demonstrated that the odds of all DSP-related outcomes each
increased per unit (percentage) increase in DCCT and EDIC mean Alc [13, 26e, 27].
Likewise, the incidence of any DSP outcomes measured at EDIC year 13-14 among
participants free of DSP at DCCT closeout increased per unit increase in mean EDIC Alc
[13, 26, 27, 41]. CAN prevalence also increased by EDIC year 13-14 (29 % in the intensive
vs. 35 % in the conventional group), with treatment group differences remaining significant
[26e, 41]. After adjusting for important covariates, including age, sex, cohort assignment,
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and the level of RRV at DCCT closeout, intensive glucose control during DCCT reduced the
risk of incident CAN during EDIC by 31 % and of abnormal RRV by 30 % [41]. The
adjusted RRV was significantly higher in the former intensive group, as compared with the
conventional group [41]. The persistent beneficial effects of intensive glucose therapy on
CAN after 13-14 years of follow-up in EDIC were explained by the differences in the
DCCT and EDIC mean Alc levels between groups [26e, 27, 41]. Although one third of
DCCT/EDIC participants had CAN by the 13-14th year of EDIC follow-up, few participants
reported autonomic symptoms. No group differences in the prevalence of autonomic
symptoms reported were observed, supporting the notion that autonomic neuropathies may
remain largely asymptomatic, even after many years of T1D.

To summarize findings from the DCCT/EDIC study, the differences in the incidence and
prevalence of both DSP and CAN reflect differences in glucose control, favoring Alc levels
that are closer to nondiabetic levels. These findings parallel the reported long-term benefits
of prior intensive glycemic control on retinopathy, nephropathy [49-51], and cardiovascular
disease [52], a phenomenon termed metabolic memory [51].

Lessons from Type 2 Diabetes Trials

Data on the beneficial effects of glucose control on neuropathy in T2D emerged from
observational trials summarized in Tables 1 and 2 [8, 14, 15, 53]. The Kumamoto trial was
the first randomized controlled trial to report beneficial effects of tight glucose control (Alc
of 7.4 % at trial end), as compared with conventional glucose control (Alc 9.4 % at trial
end), in preventing NCS deterioration in 110 Japanese participants with T2D followed for a
mean of 6 years; no differences were observed on CAN measures [17].

The UKPDS trial enrolled 3,867 relatively young patients with newly diagnosed T2D. By
the end of the trial (10-year average), intensive glucose control (Alc 7 %) had no effect on
DSP or CAN, as compared with standard control (Alc 7.9 %), although some marginal
benefit was observed in those followed for 15 years [18]. The use of insensitive DSP or
CAN measures, the rather narrow difference in the Alc between arms, and potential
differences in other risk factors for T2D DSP could have contributed to these findings. Since
no measures of neuropathy were assessed during the observational follow-up of the UKPDS,
unveiling a potential long-term beneficial “legacy effect,” as observed for cardiovascular
outcomes [54], was not possible.

The VA-CSDM achieved as much as a 2 % Alc difference between the intensive and
standard arms but reported no differences in DSP (64 % intensive vs. 69 % standard) or
CAN (48 % intensive vs. 55 % standard) prevalence after 2 years [19].

The VADT randomized 1,791 veterans with T2D (baseline Alc 9.4 %) to either intensive or
standard glucose control. After approximately 5.6 years of follow-up, there were no
differences in the rates of new DSP in the intensive versus standard arm (38 % vs. 40 %,
respectively), despite significant differences in the mean Alc between groups (6.9 % vs.
8.4 %, respectively) [20]. The study reported a nonsignificant increase in CAN in the
intensive group and 8.2 % versus 5.2 % [20]. The effects of glucose control on DSP/CAN
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development in this elderly cohort with multiple comorbidities are difficult to interpret,
especially given that reliance on self-report to define neuropathy outcomes has a large
potential for bias.

The ADDITION-Denmark study enrolled more than 1,500 individuals with newly diagnosed
T2D. No difference in the prevalence of DSP or CAN between the intensively treated and
standard groups (see Tables 1 and 2 for a description) was observed after 6-year follow-up
[55]. Although the participants enrolled in the ADDITION trial were very early in their
disease course and, theoretically, more susceptible to glucose control intervention, important
limitations are to be considered. ADDITON did not obtain baseline evaluations for DSP or
CAN, preventing objective evaluations of change in DSP or CAN with intervention [21, 55].
Per trial design, ADDITION randomized the health-care providers and their respective
practices, and not the participants, to intensive or standard treatment. At the end of the trial,
it was evident that most providers intensified treatment as much as possible; as a
consequence, the Alc was identical in both groups (6.4 %) [21, 55].

The ACCORD trial enrolled ~10,000 patients with T2D at high risk for CVD events and
examined the effects of intensive glucose control (target Alc <6 %) versus standard of care
(Alc ~7 %) on cardiovascular disease and other complications [56]. The main DSP measure
was the MNSiIc, with individual components of the MNSI included in the prespecified
analytic outcomes [22]. Although the intensive glycemic intervention arm of ACCORD was
stopped early due to an increase in all-cause mortality [56] and glycemic control was relaxed
in this arm, follow-up continued for the entire 5 years as originally planned. A treatment
group difference in the Alc of 1 % was maintained at 3.8 years, and at study end, the
incidence of DSP was significantly reduced in the intensive, as compared with the standard,
treatment group (HR 0.92, C1 0.86-0.99; p=.027; NNT=33) [22]. Incidence of loss of ankle
reflexes was also lower in the intensive, as compared with the standard, arm; however, the
loss of VPT (the DSP measure evaluated in UKPDS) was not significantly different [22].

There are several lessons to consider with regard to the ACCORD findings for DSP. The
most robust and consistent data for DSP outcomes emerged from analyses that used the
clinical exam portion of the MNSI, after ~5 years of follow-up [22]. However, gaps in the
standardization process for MNSI training and administration across sites and lack of
electro-physiology and/or small-fiber-specific measures limit our ability to assess in depth
the whole benefit (or harm) of the interventions used in ACCORD on DSP. Another
interesting observation from the ACCORD study, which is still under analysis, is that one
parameter associated with a higher mortality risk with the intensive glycemic arm in
ACCORD participants was a history of DSP at baseline [57]. Ongoing analyses from
ACCORD (currently in submission) further evaluate the effects of glycemic control and the
rest of the interventions in this cohort on DSP and CAN.

A recent meta-analysis of four T2D randomized trials that included the UKPDS, ACCORD,
and VADT reported a 0.58 % risk reduction/year in DSP with tight glucose control [58].
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A Steno-2 trial showed that intensive multifactorial intervention targeting glucose, blood
pressure, lipids, smoking, and other lifestyle factors in a European cohort of patients with
T2D had no effect on DSP, although it reduced the progression/development of CAN [23].

Lastly, emerging data suggest that, in T2D, the strategies used to reach glycemic goals may
be as important as the glucose control achieved. The BARI 2D trial randomized >2,000
participants with T2DM (~62 years old, ~10 years of diabetes duration) and
angiographically documented coronary artery disease to either insulin-sensitizing drugs
(metformin, thiazolidinediones, or both) or insulin-providing drugs (sulfonylureas/
meglitinides, insulin, or both); both groups targeted an Alc <6.5 % [59]. DSP was a
specified secondary outcome and was assessed at baseline and annually during the trial with
the MNSIc [24+]. Among 1,075 BARI 2D participants with no DSP at baseline, the 4-year
cumulative incidence rate of DSP was significantly lower in the insulin-sensitizing than in
the insulin-providing strategy group, which remained significant after adjusting for the in-
trial Alc. No differences were seen in the DSP remission rates in those who had already
established DSP [24¢] These findings suggest that some of the available agents used to treat
hyperglycemia in T2D may promote additional effects that could directly interact with the
development of DSP independently of their glucose lowering, such as effects on lipid
metabolism, body weight, oxidative stress, or chronic inflammation [24e].

Conclusion

There are several lessons to be learned from recent large trials regarding the associations
between glucose control and neuropathy.

First and foremost, many recent large trials have included DSP and CAN as only secondary
outcomes, or as post hoc analyses, rather than as primary outcomes. The size of the study
population, the duration of the intervention, and the neuropathy assessment used biases and
limited conclusions that may be drawn from these trials. Use of outcome measures that are
unlikely to show a monotonic worsening over a short duration of intervention and inclusion
of study participants who are not specifically selected for either neuropathy progression or
potential for regression further bias trial observations.

The lack of standardized, validated measures for DSP and CAN in most large trials limits
the interpretation of the data. Trials that include DSP and CAN as defined outcomes must be
especially selective about the measures used. In multicenter trials, the need to systematically
train, certify, and reassess competency of staff performing tests is often overlooked,
contributing to inter- and intrasite variability over time. Yet, as demonstrated by the DCCT
and EDIC, well-standardized and validated measures of DSP and CAN can, in fact, be
successfully implemented in large, multicenter trials [12, 13, 26e, 27, 40, 41].

Small-fiber DSP measures are not widely used in large clinical trials and were not included
in any of the trials reviewed herein. Yet arguably, these are most likely to show objective
change in response to interventions [37, 38], especially in trials of shorter duration or of
smaller cohort size.
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Observational studies have shown that glucose control is critical for neuropathy prevention
in both T1D and T2D (Fig. 1) [8, 14, 15, 34, 60, 61]. However, different lessons are learned
from randomized controlled clinical trials of glucose control in T1D and T2D (Fig. 1) [58].

DCCT/EDIC and other smaller trials strongly demonstrated that intensive control designed
to achieve near-normal glycemia is essential to preventing or delaying progression of DSP
and CAN in T1D [27]. The highly reproducible and sensitive testing protocol repeated over
time in DCCT/EDIC, the robust definitions used for DSP and CAN, and the large sample
size enhance the validity of the results [26e, 27]. Although the prevalence of these
complications is low in young people with short T1D duration, DSP and CAN develop over
time. DCCT/EDIC showed that implementing and maintaining tight glucose control as early
as possible in the course of T1D prevents early neuropathy development and promotes long-
time protection, especially for CAN [26¢, 27]. We also learned that the emergence of DSP
and CAN during EDIC was highly but not entirely glucose dependent [13, 26e, 27],
suggesting that the level of glucose control achieved during DCCT is difficult to sustain over
time and, perhaps, insufficient to fully prevent adverse nervous system effects [26, 27].

The effects of glycemic control on DSP or CAN are less conclusive for T2D (Fig. 1).

Earlier data suggested that glucose control is beneficial if implemented earlier in the disease
course in patients with fewer comorbidities, [17] but later studies did not confirm these
findings [18, 21, 55, 58e].

Some trials showed that tighter glucose control might have a beneficial effect in preventing
progression of neuropathy in some patients with T2D [17, 22, 58+]. ACCORD, the largest
T2D trial, reported a significant DSP risk reduction after 5-year follow-up [22]. No effects
were observed with other large trials [18, 20, 21, 55], although UKPDS reported a modest
risk reduction with intensive treatment similar to that found by ACCORD, but only after 15
years [18, 58e].

The presence of multiple comorbidities and risk factors, including hypertension,
hyperlipidemia, and obesity, among most T2D patients included in these trials, the
polypharmacy required to reach glucose targets, and the high incidence of hypoglycemia and
weight gain might have attenuated the effects of glucose control and contributed to
inconsistent findings among T2D study populations. Different glucose target may also be
required in T2D, as compared with T1D.

Selection of specific glucose-lowering strategies and/or combining more effectively
pharmacological and lifestyle interventions may be required in future T2D trials and in
clinical practice to obtain a reduction in DSP and CAN among T2D patients..

DSP and CAN are quite prevalent and confer high clinical burden, resulting in significant
morbidity. Loss of protective sensation heightens the risk for foot ulceration and lower
extremity amputations, and painful symptoms are frequently refractory to treatment [2, 7].
CAN, although silent in earlier stages, is an independent predictor of mortality [45, 62, 63].
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Although it remains unproven whether good glycemic control can reverse preexisting DSP
or CAN, the earlier and more effectively we implement intensive therapy, the more
effectively we prevent neuropathy in T1D [27] and, possibly, T2D. Additional well-designed
trials that consider the complexity of the neuropathic complications of diabetes are needed to
answer these questions.
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Glucose Control and Diabetic Neuropathy
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Strength, consistency, and specificity of evidence linking glucose control and neuropathy
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