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Update on the Impact, Diagnosis and Management of
Cardiovascular Autonomic Neuropathy in Diabetes:
What Is Defined, What Is New, and What Is Unmet
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The burden of diabetic cardiovascular autonomic neuropathy (CAN) is expected to increase due to the diabetes epidemic and its
early and widespread appearance. CAN has a definite prognostic role for mortality and cardiovascular morbidity. Putative mecha-
nisms for this are tachycardia, QT interval prolongation, orthostatic hypotension, reverse dipping, and impaired heart rate vari-
ability, while emerging mechanisms like inflammation support the pervasiveness of autonomic dysfunction. Efforts to overcome
CAN under-diagnosis are on the table: by promoting screening for symptoms and signs; by simplifying cardiovascular reflex tests;
and by selecting the candidates for screening. CAN assessment allows for treatment of its manifestations, cardiovascular risk
stratification, and tailoring therapeutic targets. Risk factors for CAN are mainly glycaemic control in type 1 diabetes mellitus
(T1DM) and, in addition, hypertension, dyslipidaemia, and obesity in type 2 diabetes mellitus (T2DM), while preliminary data
regard glycaemic variability, vitamin B> and D changes, oxidative stress, inflammation, and genetic biomarkers. Glycaemic con-
trol prevents CAN in T1DM, whereas multifactorial intervention might be effective in T2DM. Lifestyle intervention improves
autonomic function mostly in pre-diabetes. While there is no conclusive evidence for a disease-modifying therapy, treatment of
CAN manifestations is available. The modulation of autonomic function by SGLT2i represents a promising research field with
possible clinical relevance.

Keywords: Autonomic nervous system; Cardiovascular system; Diabetic neuropathies; Diagnosis; Epidemiology; Glucagon-like
peptide-1 receptor; Hypotension, orthostatic; Prognosis; Sodium-glucose transporter 2 inhibitors; Therapeutics

INTRODUCTION

This review will consider the dimensions and the clinical rele-
vance of diabetic cardiovascular autonomic neuropathy
(CAN), by providing the available information attesting to the
fact that CAN is a common complication of diabetes, starts
early, is associated with a number of old and new clinical cor-
relates, and has an heavy impact on morbidity and prognosis.
It will also consider how to detect CAN in clinical practice,
candidates for screening and diagnosis, and the usefulness of
diagnosis from a clinical perspective, and finally how to pre-

vent it and manage its clinical consequences. The goal is to say
what is defined and stated by scientific societies, what is new,
and what is as yet unmet.

Some statements in this review are based on the conclusions
of the Toronto consensus panel and on the general and specific
reports on CAN [1-3]. Diabetic autonomic neuropathy was de-
fined in the Toronto Consensus as “a disorder of the autonomic
nervous system in the setting of diabetes or metabolic derange-
ments of pre-diabetes after the exclusion of other causes” While
CAN was defined as “the impairment of autonomic control of
the cardiovascular system.” Thus, one of the merits of the To-
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ronto Consensus is the emphasis on the possible presence of an
autonomic dysfunction already in pre-diabetes.

AUTONOMIC DYSFUNCTION IN PRE-DIABETES

As for diabetic polyneuropathy, a number of studies have con-
sidered the association between autonomic dysfunction and
pre-diabetes (Table 1) [4-17]. There has been a large heteroge-
neity among the studies with regard to categories of glucose
abnormalities considered, sample size, and the modalities of
CAN testing. Only four out of 14 studies have considered both
impaired fasting glucose (IFG) and impaired glucose tolerance
(IGT), one study included the category of combined IFG plus
IGT [15], six studies were of a small sample (under 200 partici-
pants), while seven studies were population-based. CAN test-
ing has varied largely from standard cardiovascular reflex tests
(CARTS) to heart rate variability (HRV) measures, and stan-
dardized procedures and age-related reference values have not
always been used [13,14]. In most studies the percentage of ab-
normal tests has not been provided. Three studies did not find
differences in subjects with pre-diabetes compared to those
with normal glucose tolerance (NGT), whereas nine studies
provided limited evidence of diminished HRV indices. In
studies including both IFG and IGT, there was a trend toward
worse or more widely impaired autonomic indices in IGT ver-
sus IFG [11,17] or in combined IGT plus IFG versus isolated
IFG and IGT [15].

Suggested meaning of association between pre-diabetes
and CAN

The reduced HRV observed in IGT and/or IFG might indicate
lower parasympathetic activity since time-domain measures of
HRV and most frequency-domain indices of HRV are an ex-
pression of vagal activity [3]. Moreover, given the findings of
reduced high-frequency (HF) power with a higher ratio be-
tween low-frequency (LF) and HF (LF:HF) in subjects with
IGT (Table 1) [11], and of increased LF in normalised units (in
particular during the night) in subjects with IFG and IGT
compared to control subjects [9], some authors have suggested
the presence of a sympathovagal imbalance with an abnormal
sympathetic predominance in pre-diabetes [9,11].

The independent correlates of autonomic indices in pre-dia-
betes are age, body mass index (BMI), waist circumference,
other components of metabolic syndrome, hypertension and
antihypertensive drugs, fasting and 2-hour postload glucose

level (Table 1). The role of postprandial hyperglycaemia has
also been put forward as a pathogenetic factor or a risk marker
for autonomic dysfunction [17].

In pre-diabetes and metabolic syndrome many factors can
contribute to the presence of an autonomic dysfunction, which
might appear as both parasympathetic depression and sympa-
thetic overactivity or predominance. Sympathetic overactivity
is documented in insulin resistant conditions, and attributed
to an insulin-driven sympathetic activation through peripheral
and central mechanisms as well as chemoreflex upregulation
(Fig. 1) [18,19]. Obstructive sleep apnoea syndrome (OSAS) is
often associated with obesity and type 2 diabetes mellitus
(T2DM) and induce chemoreflex upregulation, therefore fur-
ther promoting sympathetic hyperactivity (Fig. 1) [19].

In addition to OSAS [19], other factors in metabolic syn-
drome might be able to cause autonomic dysfunction, also
with a bidirectional relationship [20-23], and then to exacer-
bate metabolic derangements at different levels (Fig. 2) [24].

The finding observed in the 1,882 participants of Offspring
Cohort in the Framingham Heart Study is of interest, where
both higher resting heart rate and lower HRV predicted the
risk of high blood glucose, blood pressure (BP), triglycerides,
and BMI, and low high-density lipoprotein (HDL) over 12
years, and the risk of incident diabetes, cardiovascular disease,
and mortality over 20 years [25]. Thus, in a very early stage of
dysglycemia, a reciprocal role of autonomic dysfunction and
glucose metabolism abnormalities seems to occur with modal-
ities that remain poorly exploited and deserve to be further
elucidated.

EPIDEMIOLOGY OF AUTONOMIC
NEUROPATHY/DYSFUNCTION IN DIABETES

CAN affects at least 20% of unselected patients, and up to 65%
of those with increasing age and diabetes duration [2]. Data on
the prevalence of autonomic neuropathy in pre-diabetes are
very scarce; according to an epidemiological study with a reli-
able diagnostic approach (one of the issues with these studies is
the use of non-established criteria) the prevalence in subjects
with combined IFG and IGT was 11.4% [15]. This prevalence
is not far from that of CAN at diagnosis in T2DM, which ac-
cording to CARTS is reported to be around 7% and increases
with diabetes duration by 4.6% to 6% per year [2,26].

In the Denmark branch of the Anglo-Danish-Dutch Study
of Intensive Treatment in People With Screen-Detected Diabe-
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Fig. 1. Mechanisms of sympathetic overactivity in insulin resistant conditions and obstructive sleep apnoea syndrome (OSAS).
Sympathetic overactivity in insulin resistant conditions is attributed to an insulin-driven sympathetic activation through a pe-
ripheral mechanism at play in acute conditions (insulin causes endothelial-dependent vasodilatation resulting in baroreflex-me-
diated sympathetic activation), and a central mechanism mainly present in chronic conditions of hyperinsulinemia (insulin oper-
ates in the paraventricular nucleus of hypothalamus and the arcuate nucleus). Moreover, insulin-induced carotid body overactivi-
ty has been demonstrated in animal models of insulin resistance (insulin receptors have been found on carotid bodies) [18]. A
role of carotid chemoreceptors in a long-term insulin-mediated increase in sympathetic activity in humans has been also suggest-
ed [19]. Comorbid OSAS leads to chemoreflex upregulation due to nocturnal chronic intermittent hypoxia and arousals, there-
fore fostering sympathetic activation. Modified from Greco et al. [19] with permission from Bentham Science Publishers. CNS,

central nervous system.

tes in Primary Care (ADDITION) study, 299 patients were
evaluated for CAN at 6 and 13 years [27]. The prevalence of
confirmed CAN (based on at least two abnormal CARTS) in-
creased from 9.0% to 15.1% with an annual incidence of 1.8%,
which is lower than previously documented [2]. However, the
early screening-based diagnosis of T2DM, high intensity treat-
ment from diagnosis, and overall good control of glycaemia
and risk factors during the 13 years of follow-up might have
mitigated CAN progression [27]. The specific context of this
study might be representative of the present and future scenar-
io of early and improved control in T2DM. On the other hand,
Diabetes Control and Complications Trial (DCCT) and Epide-
miology of Diabetes Interventions and Complications (EDIC)
studies have shown that current strategies for optimizing glu-
cose control in type 1 diabetes mellitus (T1IDM) are insuffi-
cient to fully prevent or delay the development of CAN, as 29%

of subjects in the former intensive group and 35% of subjects
in the former control group had CAN by 14 years of EDIC fol-
low-up [28].

Clinical correlates and predictors of CAN: old and new

In addition to age and diabetes duration, other established dia-
betes related clinical correlates or predictors of CAN are gly-
caemic control, the presence of retinopathy, nephropathy, and
diabetic polyneuropathy [2], in particular in TIDM (in cross
sectional studies) [29,30]. The role of several cardiovascular
risk factors has also been increasingly reported: BP or hyper-
tension, smoking [29], low-density lipoprotein, HDL, triglyc-
erides, weight, BMI, or obesity in T2DM [29], waist circumfer-
ence, high insulin levels in T2DM, cardiovascular disease, and
use of anti-hypertensive drugs [2]. Longitudinal studies in
T2DM [2] have confirmed the independent predictive role of

Diabetes Metab ] 2019;43:3-30  http://e-dmj.org
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Fig. 2. Multiple factors in the relationship between metabolic syndrome and autonomic dysfunction. In addition to obstructive
sleep apnoea syndrome (OSAS) with its consequences including microbiota perturbation [19], other factors in metabolic syn-
drome able to cause autonomic dysfunction are: obesity (also independently of dysglycemia) [24], liver steatosis [20], leptin (as a
sympathetic activator) [19], and inflammation and neuroinflammation at hypothalamic level [21,22]. Most of these components
of metabolic syndrome have a bidirectional relationship with autonomic dysfunction, for example with respect to the autonomic
regulation of the immune system and inflammation [23]. The end result of this complex system can be the exacerbation of meta-
bolic derangements at different levels [19,24], as well as of cardiovascular effects. IFG-IGT, impaired fasting glucose and/or im-

paired glucose tolerance; NAFLD, non-alcoholic fatty liver disease.

age, retinopathy, nephropathy, glycosylated hemoglobin
(HbA1c) [27], BMI, and triglycerides [27].

New correlates of CAN

More recently, cross-sectional studies have documented the
association of CAN with low vitamin By levels in T2DM [31],
both low [32-34] and high vitamin D levels in T1DM and
T2DM [34], and with low bilirubin levels in T2DM, as ob-
served in a large population from Korea [35].

Oxidative stress and inflammation biomarkers

New biomarkers related to putative pathogenetic mechanisms
of diabetic neuropathy—i.e., oxidative stress and inflamma-
tion—have emerged very recently as predictors of a deteriora-
tion of CAN measures. In a longitudinal study from Germany,
in 72 patients with diabetes, baseline superoxide anion pre-
dicted the decline at 6-year follow-up of autonomic indices of

http://e-dmj.org  Diabetes Metab J 2019;43:3-30

HRV (i.e., coefficient of variation at rest), as well as of sensory
nerve function and even mortality [36]. In a cross-sectional
study, the same authors showed that in patients with T2DM of
a short duration, higher levels of serum interleukin (IL)-18, sol-
uble intercellular adhesion molecule-1, and soluble E-selectin
were independently associated with more impaired CARTSs or
lower HRV indices [21]. Moreover, in a large longitudinal
study from the United Kingdom (UK; the Whitehall II cohort
study), baseline inflammatory markers were independent pre-
dictors at 5-year follow-up of an increase in rest heart rate, like
IL-1 receptor agonist, or of preservation of time- and frequen-
cy-domain indices of HRV, like adiponectin, but only in the
T2DM subgroup of this cohort [22].

Ethnic differences
South Asians with diabetes have a higher prevalence of ne-
phropathy and diabetic retinopathy than Caucasians, but a
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lower prevalence of diabetic polyneuropathy. Differently from
diabetic polyneuropathy, the prevalence of CAN in South
Asians is the same as in Caucasians accordingly to a recent re-
view, where in small studies in South Asia from five secondary
centres the prevalence was between 20% and 60%, and from
three tertiary centres between 44% and 81% [37]. Considering
South Asian people living in the UK compared to white Cau-
casians, one study [38] documented better results in the deep
breathing test in South Asians, and another found a similar
CAN prevalence as with white Caucasians [39].

Genetic susceptibility

Finally, the role of genetic predisposition is now gaining some
attention, given the finding of associations between CAN and
polymorphisms of genes encoding a few microRNAs, i.e., MI-
R146a, MIR27a, and MIR499 [40,41]. MicroRNAs are regula-
tors of gene expression at a posttranscriptional level, which are
involved in many pathways and reported as dysregulated in di-
abetes and its complications. In an Italian cohort of patients
with T2DM, the C allele of rs2910164 single nucleotide poly-
morphism (SNP) in MIR146A was associated with a lower risk
of developing CAN, whereas the variant allele of rs8§95819 SNP
in MIR27A was associated with a higher risk of developing
early CAN [40]. Moreover, when analysing the rs3746444 SNP
in the MIR499A gene, MIR499A GG genotype was found to
contribute to early CAN together with disease duration and
HbAlc, and GG genotype and disease duration were the main
variables contributing to the CAN severity [41]. It is interesting
to observe that microRNA-499 is preferentially expressed in
the heart and areas of the central autonomic network (nucleus
ambiguous), and involved in both cardiovascular disease and
metabolic syndrome/diabetes, as well as MIR499 polymor-
phisms are in susceptibility to cardiovascular disease [41].

Glucose variability

Recently, glucose variability has been implicated in CAN in di-
abetes (and also in pre-diabetes). In TIDM, two studies in the
DCCT failed to show any impact of glucose variability on the
5-year development of CAN, independently of HbAlc and
mean blood glucose [42,43], whereas another study showed an
association between the severity of glucose variability on con-
tinuous glucose monitoring (CGM) and CAN [44]. In five out
of seven studies on T2DM, CAN was independently associated
with glucose variability (mainly measured using CGM) [45-
51]. Among speculative mechanisms, oxidative stress promot-

ed by acute glycaemic excursions [46] might mediate this asso-
ciation, through the increased formation of advanced glycation
end-products and the activation of the nuclear factor «-light-
chain-enhancer of activated B cells and protein kinase C path-
ways, ultimately leading to increased vascular endothelial
damage. The association between CAN and glycaemic vari-
ability, however, seems to be more supported in T2DM than in
T1DM as with retinopathy and nephropathy; limited evidence
exists to determine whether glucose variability is a risk factor
of CAN independent of chronic hyperglycaemia, or a marker
of disease severity, pre-existing complications, including auto-
nomic dysfunction, and poor adherence to therapeutic strate-
gy. In any case, the issue deserves to be the subject of further
investigation.

Conclusion on epidemiology and clinical correlates of CAN
In the context of the diabetes epidemic, CAN is a common
complication of diabetes, starts early in T2DM, and has multi-
ple and new correlates. The patients at greater risk of CAN are
those with a higher age, longer duration, poor and perhaps un-
stable glycaemic control, comorbid diabetic polyneuropathy,
retinopathy and nephropathy, hypertension (on treatment),
and other cardiovascular risk factors (in particular obesity and
metabolic dyslipidaemia in T2DM). The role of additional
emerging clinical correlates requires further research while the
need to know CAN natural history in T2DM still remains un-
addressed. In the ADDITION-Denmark study, a small num-
ber of subjects with confirmed CAN at 6 years from screening-
based diagnosis of T2DM, changed their status to the absence
of CAN at 13-year follow-up [27]. Whether this finding is a
true challenge to the idea of irreversibility of confirmed CAN,
or is somehow attributable to a limited ability of CARTS to de-
fine CAN stages in that specific population, requires further
evaluation. This study might also suggest that an early diagno-
sis and intervention in T2DM might have a beneficial effect on
CAN progression.

PROGNOSTIC VALUE OF CAN

Apart from its symptomatic forms, the clinical impact of CAN
relies on the strong evidence for its prognostic meaning. Diag-
nosis of confirmed CAN is associated with a relative risk of
mortality of 3.65 in a meta-analysis of 15 longitudinal studies
published until 2001 [52]. Subsequent studies have confirmed
the predictive value of cardiac autonomic measures on all-
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cause and cardiovascular mortality with a relative risk between
1.5 to 7, with this risk being independent of multiple-diabetes
correlates and cardiovascular risk factors [2]. These more re-
cent studies have documented that in both TIDM, as in the
European Diabetes (EURODIAB) Prospective Complications
Study [53], and in T2DM, as in the Action to Control Cardio-
vascular Risk in Diabetes (ACCORD) study [54], the longitu-
dinal studies with the highest sample size, standard CARTs or
other measures of CAN were independent predictors of mor-
tality for any and cardiovascular causes. Some of these studies
[2] have indicated that combined indices are better predictors
than individual ones.

Prediction of vascular morbidity

CAN has been also associated with vascular morbidities, first
of all with silent myocardial ischemia—as documented in a
meta-analysis [52] and confirmed by the Detection of Isch-
emia in Asymptomatic Diabetics (DIAD) study [55]—with
cardiovascular morbidity, with recurrent cardiovascular dis-
ease in patients with T2DM and a history of cardiovascular
disease with an adjusted hazard ratio of 3 [56], and with stroke
in T2DM [2]. A recent study described the predictive role of
CAN present at DCCT closeout on the subsequent cardiovas-
cular risk during EDIC study [57]. More subjects with CAN
experienced cardiovascular events (fatal and non-fatal) com-
pared to those without CAN (25% vs. 10%); however, the asso-
ciation between CAN and cardiovascular events was mitigated
after adjusting for glucose control as a time-dependent covari-
ate [57]. This may suggest that in this intervention study, where
historic glycaemic exposure and metabolic memory were the
principal determinants of long-term CAN, the interaction be-
tween glycaemic control and CAN were so close that the emer-
gence of an independent prognostic role of CAN on cardiovas-
cular morbidity might be hampered.

CAN has been also associated with perioperative instability
during surgery, with a risk of severe hypoglycaemia [58], and
has even been suggested as a progression promoter of diabetic
nephropathy [2]. Table 2 shows 11 studies, seven on T1DM,
which evaluated the role of autonomic neuropathy in the pro-
gression of albuminuria and/or decline in kidney function [59-
69]. Apart from one study [63], they have documented an in-
dependent association between CAN or autonomic function
tests and nephropathy progression in both TIDM [68] and
T2DM [67,69]. A few mechanisms have been suggested as sup-
porting the role of CAN in the progression of nephropathy [2]

http://e-dmj.org  Diabetes Metab J 2019;43:3-30
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as kidney hemodynamic changes consequent to sympathetic
denervation [59], CAN-associated erythropoietin deficiency
anaemia [70], and CAN-driven altered circadian pattern of BP
and albuminuria [2].

Conclusion on the prognostic impact of CAN in diabetes
There is definite evidence of the prognostic relevance of CAN
for mortality. Some evidence supports CAN as a risk marker
and as a likely risk factor for cardiovascular morbidity as well as
a progression promoter of diabetic nephropathy. From a clini-
cal perspective, a diabetic patient with CAN is at a higher risk of
mortality, and of cardiovascular and renal complications.

Insights into the mechanisms of excess mortality associated
to CAN

The mechanisms of this CAN-associated excess mortality and
morbidity remain mostly unknown. A number of cardiovascu-
lar abnormalities have been found in association with CAN.
They can represent (1) a form of morbidity in themselves, such
as silent myocardial ischemia; (2) a recognized risk factor or
marker for mortality or morbidity (resting tachycardia, pos-
tural hypotension, QT interval [QTi] prolongation, impair-
ment of baroreflex sensitivity [BRS], nondipping, reduced
HRV); (3) a potential pathogenetic link between CAN and
mortality, such as an imbalance in sympathovagal activity, car-
diac sympathetic dysinnervation, reduction in the sympatheti-
cally mediated vasodilatation of coronary vessels, dysregula-
tion of cerebral circulation, new mechanisms like increased ar-
terial stiffness and coronary calcium content, or inflammation
[2,23]. Finally, peripheral vascular function abnormalities may
exert a contributory role to diabetic foot complications. Some
of these abnormalities are established risk markers for mortali-
ty and morbidity in diabetes [2].

Tachycardia

High resting heart rate is the least specific sign of CAN and can
also reflect vagal impairment and/or sympathetic overactivity
present in cardiac diseases, poor fitness, obesity, or anaemia.
Tachycardia is of prognostic value in the general and diabetic
population. A recent meta-analysis including 87 studies con-
firmed a relative risk per 10 bpm increase in resting heart rate
of 1.15 for cardiovascular disease, and of 1.17 for all-cause
mortality [71]. In the ADVANCE study of 11,140 patients with
T2DM, a higher resting heart rate was associated with an in-
creased risk of all-cause mortality (adjusted hazard ratio 1.15
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Table 2. Studies evaluating the predictive value of CAN for progression of diabetic nephropathy

Study No. and type CAN testing  Follow-up, yr Kidney function outcomes
Sundkvist et al. (1993) [59] 35 T1DM DB, Tilt test 10 CAN predictor of A GFR and associated
with JGFR
Weinrauch etal. (1998) [60] 26 T1DM with proteinuria DB, LS, VM 1 VM predictor of A creatinine and renal
failure
Burger et al. (2002) [61] 23 T1DM with macroalbuminuria DB, LS, VM, HRV 1 HRYV indexes associated with A GFR
indices >8 mL/min
Forsen et al. (2004) [62] 58 T1IDM DB, Tilt test, OH 7-14 DB associated with 14 years UAE
OH predictor of 7 years A GFR
Astrup etal. (2006) [63] 388 T1DM with micro-macroalbu- DB 10 DB not predictor of A GFR
minuria
Maguire et al. (2007) [64] 137 T1DM with normoalbuminuria Pupillary light test 12 Small pupil size predictor of micro
Kim et al. (2009) [65] 156 T2DM with normoalbuminuria DB, LS, VM, OH 9 DB predictor of A eGFR
Brotman et al. (2010) [66] 13,241 (1,523 with diabetes) Heart rate, HRV 16 Heart rate and HRV predictors of ESRD
ARIC Study indices
Tahrani et al. (2014) [67] 204 T2DM without ESDR DB, LS, VM, OH 2.5 CAN predictor of eGFR decline
Orlov et al. (2015) [68] 204 T1DM with normoalbuminuria MCR during DB 14 MCR <20 predictor of eGFR loss (odds
1st Joslin Kidney Study 166 T1DM with microalbuminuria ratio, 4.09) and of CKD stage >3
Yun etal. (2015) [69] 755 T2DM without CKD DB, LS, VM, OH 9.6 Confirmed CAN predictor of CKD

(hazard ratio, 2.62)

CAN, cardiovascular autonomic neuropathy; TIDM, type 1 diabetes mellitus; DB, deep breathing; GFR, glomerular filtration rate; LS, lying to
standing; VM, Valsalva manoeuvre; HRV, heart rate variability; OH, orthostatic hypotension; UAE, urinary albumin excretion; T2DM, type 2
diabetes mellitus; eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; MCR, mean circular resultant; CKD, chronic kid-

ney disease.

per 10 bpm), and cardiovascular death [72]. However, as rec-
ognized by the authors, it remains unclear whether a higher
heart rate directly conditions the increased risk or is a marker
for other factors [72].

Orthostatic hypotension

Orthostatic hypotension (OH) is defined as a standing fall in
systolic BP of 20 mm Hg or in diastolic BP of 10 mm Hg in
normotensive subjects, and a fall in systolic BP of 30 mm Hg in
hypertensive subjects [73,74]. It is a common condition in the
older general population, and in diabetic patients reaches
prevalence similar to what is observed in elderly non-diabetic
people (32%) [75].

A meta-analysis of 13 observational studies, including
121,913 subjects with and without diabetes and hypertension,
with a median follow-up of 6 years, showed that prevalent OH
was associated with an increased risk of all-cause death, inci-
dent coronary heart disease, heart failure, and stroke with a
pooled estimate of relative risk for all-cause death of 1.78 for
patients <65 years old, and 1.26 in the older subgroup [76].
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Similarly, in patients with diabetes, OH raises the risk for mor-
tality associated with parasympathetic neuropathy by between
30% and 100% [77].

In 4,266 participants in the ACCORD study (aged 40 to 79
years), OH was measured as the minimum standing (1, 2, 3
minutes after standing) minus the mean seated systolic and dia-
stolic BP, at baseline, 12 and 48 months. OH occurred at >1
time point in 20% and was an independent marker for total
mortality (hazard ratio, 1.62) and heart failure death or hospi-
talization (hazard ratio, 1.85) [78]. Postural BP swings (with an
alternation of hypoperfusion and increased BP load in the end-
organs), supine hypertension, and other consequences of the
loss of autonomic cardiovascular control have been suggested
as possible mechanisms of OH associated excess mortality [77].

Nondipping

Using ambulatory BP monitoring (ABPM), a decrease in BP
from day to night <10% and <0% identifies nondipping and
reverse dipping, respectively. Nondipping is more common in
diabetes (39% to 62%) than in the general population, and re-
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Fig. 3. Multifactorial pathogenesis of nondipping in diabetes. In addition to the central role of autonomic derangement, insulin
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with permission from Springer Nature.

verse dipping is present in between 9% to 30% [77]. Reverse
dipping is considered a sign of CAN. Nondipping occurs con-
comitantly with an impaired vagal increase during the night
and a consequent sympathetic nocturnal predominance. More
recently, further factors have emerged in the nondipping phe-
nomenon in addition to the central role played by this auto-
nomic derangement (Fig. 3) [77].

Four meta-analyses in the general hypertensive population
confirm the predictive role of day-night variation in BP, non-
dipping and reverse dipping on all-cause mortality, and cardio-
vascular mortality and events, suggesting a stronger value for
night-time BP and for reverse dipping with a doubled risk
compared to dipping [79-82]. In diabetes the prognostic role of
nondipping and reverse dipping is even stronger with between
a 2-fold and an 8-fold increased risk of cardiovascular morbid-
ity in six studies of an overall population of 880 patients, main-
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ly with T2DM, and a mean follow-up of 4.4 years [77]. Fur-
thermore, reverse dipping was found to be an independent
predictor of the progression from overt nephropathy to renal
failure or dialysis in patients with T2DM [77].

Conclusion on the mechanisms of CAN associated excess
mortality

Clinical forms of CAN are established conditions of increased
mortality risk in the diabetic population, with the causative
pathways only partially known. Other expressions of altered
autonomic cardiovascular control like HRV and BRS are asso-
ciated with mortality with stronger evidence in the general
population. New mechanisms are also emerging, like left ven-
tricular dysfunction, arterial stiffness, arterial calcification, in-
flammation, which suggest a widespread potential influence of
autonomic dysfunction in diabetic patients. From a clinical
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perspective, it is advisable to actively look for clinical forms of
CAN that are associated with mortality, treat them and consid-
er autonomic indices in cardiovascular risk stratification.

ASSESSMENT AND DIAGNOSIS OF CAN

Methods of CAN assessment in clinical practice include the as-
sessment of symptoms and signs, CARTs, and ABPM. Methods
like those assessing HRV and BRS can be used in clinical and
research fields, whereas other techniques like muscle sympa-
thetic nerve activity (MSNA) are strictly limited to research
[2,3].

Autonomic symptoms
Diabetic autonomic neuropathy is multiform and may present
with signs and symptoms regarding the several functions con-
trolled by the autonomic nervous system: heart, vessels, gut,
bladder, pupillary, erectile, and sudomotor function. Cardio-
vascular symptoms are tachycardia, exercise intolerance and
orthostatic symptoms like light-headedness, dizziness, blurred
vision, neck pain, and fainting when standing up [75].
Although scientific guidelines [2,83] consider autonomic
symptoms as the first level of investigation in any diabetic pa-
tient for their potential impact on quality of life and in order to
obtain a differential diagnosis, there is an assumption that due
to their lack of specificity, they do not represent a useful tool for
CAN diagnosis. However, this idea has been challenged by re-
cent findings obtained through the Composite Autonomic
Symptom Score 31 (COMPASS 31) questionnaire, developed
from the more complex Autonomic Symptom Profile [84]. It
was validated towards a CARTs-based CAN diagnosis and
showed fair diagnostic accuracy, with an area under the receiver
operating characteristic curve of 0.75, and a sensitivity of 75%
and 70% for CAN and confirmed CAN, and a specificity of 65%
and 67%, respectively [85]. This questionnaire might allow for a
standardized and straightforward assessment of autonomic
symptoms and also act as a diagnostic tool for CAN, as also
suggested for the Survey of Autonomic Symptoms scale [86].

Cardiovascular signs

Tachycardia, OH, QTi prolongation and reverse dipping on
ABPM are typical findings of CAN, can be easily detected dur-
ing clinical evaluation or at a relatively widely-used ABPM,
and may alert the physician to the presence of CAN. With the
exception of tachycardia, they are specific—albeit insensitive—

12

markers of CAN [87-89], with sensitivity and specificity being
31% and 98% for OH, 28% and 86% for a QTi corrected for
heart rate >441 msec, and 26% and 95% for reverse dipping.
The Toronto Consensus recommended screening for ortho-
static symptoms in any diabetic patient, a yearly OH test, in
particular with patients over the age of 50 and hypertensive pa-
tients, referral to CARTS in the presence of unexplained tachy-
cardia, QTi prolongation, and reverse dipping [2]. Despite the
European Society of Cardiology/European Society of Hyper-
tension guidelines for the management of arterial hyperten-
sion [90] indicating that lying and standing BP measurements
should be considered in people with diabetes, the need re-
mains to implement awareness, detection and management of
this condition in clinical practice. Moreover, a seated-to-stand-
ing manoeuvre instead of the standard supine-to-upright test
has been recently put forward as an easier alternative when the
standard method is less feasible, with a suggested cut-oft of 15
mm Hg for systolic and 7 mm Hg for diastolic BP drop [91].
However, a lower BP threshold requires even more careful BP
measurements, misclassification is possible [92], and the un-
proven or unconfirmed diagnostic accuracy of the seated-to-
standing manoeuvre in different populations [92], including
hypertensive subjects, should restrict its application to situa-
tions where the use of the gold-standard modality is consid-
ered impossible.

Cardiovascular autonomic reflex tests

CARTs measure heart rate and BP response to provocative
physiological manoeuvres, and still represent the gold standard
in autonomic testing as stated by the Toronto Consensus [2]
and recognized by neurological scientific societies [93].

The Toronto Consensus recommends that diagnosis of CAN
be based on the use of CARTS, i.e., heart rate response to deep
breathing, standing, Valsalva manoeuvre, and BP response to
standing, and that more than one heart rate test and OH test
are required [2]. Moreover, the performance of CARTs should
be standardized, the influence of confounding variables mini-
mized, and age-related normal ranges of heart rate tests strictly
required [2]. For a review of confounding factors, requisites
and instructions for performing CARTS, see the specific refer-
ence [94].

CARTs also allow for CAN staging, according to the number
of test abnormalities: one abnormal cardiovagal test result
identifies possible or early CAN, two abnormal cardiovagal re-
sults a definite or confirmed diagnosis of CAN, and the pres-
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ence of OH identifies severe or advanced CAN [2]. The pro-
gressive stages of CAN are associated with an increasingly
worse prognosis [2].

Guidelines of scientific societies on screening and
diagnosis of CAN

Table 3 shows for comparison indications on CAN screening
and diagnosis of the Toronto Consensus, the American Diabe-
tes Association (ADA), the American Association of Clinical
Endocrinologists (AACE) with the American College of En-
docrinology (ACE), and the Italian Society of Diabetology
(SID) with the Italian Association of Clinical Diabetologists
(AMD) [2,83,95,96]. There is a shared indication to assess au-
tonomic symptoms and signs of CAN as the first level but
slight differences in the recommendations on the use of
CARTs, which are the gold standard for diagnosis for the To-
ronto Consensus, always needed for AACE/ACE and SID/
AMD, and non strictly necessary in presence of symptoms and
signs and possibly useful in asymptomatic patients for ADA.

Attempts to address the challenge of numbers and
sustainability

ADAS position statement expresses more concern on the bur-
den and costs of CAN screening. It is not possible to ignore
that there is a question of sustainability when considering the
diabetic epidemic and the number of people with diabetes.
With these huge numbers of potential candidates, it could be
necessary to introduce selection. Thus, the Toronto Consensus
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indicates that at the very least screening for symptoms and
signs should be universal, the ADA suggests this screening
with those with microvascular complications (and hypoglycae-
mia unawareness), the AACE/ACE indicate almost universal
screening, and Italian guidelines support CARTs in particular
in the presence of a high cardiovascular risk or complications
[2,83,95,96].

In this context, some scoring systems for CAN risk have
been developed. In a Chinese population-based sample of
2,092 individuals (21% with diabetes), a CAN risk score based
on age, BMI, hypertension and heart rate was identified in an
exploratory analysis as a predictor of CAN (defined as two ab-
normal spectral indices of short-term HRV) with fair diagnos-
tic accuracy (sensitivity of 75.4%, specificity of 62.5%) and a
high negative predictive value (91.4%) [97]. Similarly, in the
German population-based Kooperative Gesundheitsforschung
in der Region Augsburg (KORA) $4 study of 1,332 participants
(55 to 74 years) with NGT, IFG, IGT, and T2DM, a screening
score including BMI, hypertension, smoking, heart rate, creati-
nine, and drugs with adverse effect on HRV displayed an area
under the curve (AUC) of 0.86, sensitivity of 78%, specificity of
81% and a high negative predictive value (98%), for a diagnosis
of CAN based on an abnormal time-domain index of short-
term HRV (root mean squared successive difference) [15].

The limitations of the approach of these studies are (1) the
validation of the proposed scoring system against a diagnosis
of CAN based on measures of HRV and not CARTSs, (2) the
studied population including mostly non-diabetic subjects,

Table 3. Guidelines of scientific societies on screening and diagnosis of CAN in clinical practice, with regard to the indications of

assessment modalities, and the candidates to screening

Toronto Consensus Position Statement ADA Position Statement AACE/ACE  SID/AMD Standards
(2011) [1,2] (2017) [83] (2018) [95] (2018) [96]
Symptoms Screening Screening Screening Screening
Signs Screening Screening Screening Screening
Diagnosis

CARTs Gold standard for Possible utility in asymptom- Screening Diagnosis
diagnosis atic patients

HRYV (time- and frequency- Prognostic information ~Research Clinical use in addition to Research

domain indices) CARTs

Candidates Universal screening of ~ Those with microvascular Those with T2DM from In particular in those

symptoms and signs complications and/or diagnosis, or TIDM after with high CV risk
hypoglycaemia unawareness 5 years and complications

CAN, cardiovascular autonomic neuropathy; ADA, American Diabetes Association; AACE, American Association of Clinical Endocrinologists;
ACE, American College of Endocrinology; SID, Italian Society of Diabetology; AMD, Italian Association of Clinical Diabetologists; CART, car-
diovascular autonomic reflex test; HRV; heart rate variability; T2DM, type 2 diabetes mellitus; T1IDM, type 1 diabetes mellitus; CV, cardiovascular.

http://e-dmj.org  Diabetes Metab J 2019;43:3-30 13



Spallone V

dmj

and (3) basal heart rate as the only autonomic index in the
score that is provided with a low specificity for CAN. Notwith-
standing, these attempts have the merit of testing a risk stratifi-
cation system for CAN, possibly allowing for the selection of
patients with T2DM at a higher CAN risk and deserving sub-
sequent referral to standard CARTS.

Attempts to address the need for CARTS’ affordability
Moreover, other attempts have been made at answering the
need for the accessibility of CARTs with a number of possible
solutions: (1) a reduction in the number of repetitions of the
Valsalva manoeuvre and deep breathing; (2) the use of a single
breath in deep breathing test; (3) the use of a mini-battery of
two to three CARTS; (4) the use of reference ranges derived
from literature and obtained with a different methodology
[98]; (5) the substitution of CARTs with HRV indices mea-
sured on short electrocardiography recordings (2 to 5 min-
utes); (6) the development of handheld devices and technical
advancement (like telemetry and mobile derived approaches).

To simplify the approach to CARTS, researchers have inves-
tigated whether the full battery of CARTs could be reduced to
one or two tests capable of including all the necessary informa-
tion. However, there is no consensus on which tests are best-
suited to this role, with the choice falling alternatively on deep
breathing [99], lying to standing [100], or on the Valsalva ma-
noeuvre [101]. Thus, the need for at least two heart rate tests
plus OH would still appear to be the best compromise.

Short-term HRV indices might be additional resources, with
them being easier, perhaps more sensitive, and patient-inde-
pendent compared to CARTs. Although a number of studies
have compared HRV spectral indices to CARTs mainly in dia-
betes, no conclusive data are available on their diagnostic ac-
curacy compared to CARTs [3].

A cross-sectional study in a large dataset of a Shanghai pop-
ulation (2,092 subjects including 371 healthy subjects) evaluat-
ed the reference values for short-term HRV frequency-domain
indices, and estimated their sensitivity and specificity using the
Bayesian approach, in the absence of a gold standard, and
compared in another independent dataset of 88 subjects the
diagnostic performance of these indices and standard CARTs
[102]. The study concludes that with regard to sensitivity and
specificity for CAN, the HRV testing was not inferior to the
traditional Ewing test (both with values between 75% and
85%) [102]. However, when analysing the results, HRV indices
and Ewing tests do not seem to identify the same patients as
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having CAN, and when assuming CARTS as gold standard for
CAN diagnosis the sensitivity of HRV indices is 49% and spec-
ificity 78%. Most probably, the two methods do not describe
exactly the same functional abnormalities of cardiac autonom-
ic control, and HRV indices should be considered as additional
and not an alternative to CARTS in clinical practice, thus al-
lowing for supplemental early and prognostic information to
current CART: [3].

Investigation for cardiovascular autonomic function in
research

The most widely used and readily available diagnostic tests in
clinical research are HRV in the time- and frequency-domain
and BRS. They can provide information about the pathophysi-
ology and the natural history of CAN, and may be used as sen-
sitive and comprehensive endpoints in clinical trials together
with MSNA [3]. For clinical trials, evaluating a specific inter-
vention or prognostic implications, the ADA recommends the
following CAN measures: CARTs, HRV indices, QTi, and rest-
ing heart rate [83]. The latter two, despite having been used in
clinical trials as outcomes [103], might work better as prognos-
tic predictors given their low sensitivity for CAN. On the other
hand, BRS is considered by the ADA as a less accessible CAN
measure [83].

Small fibre function tests as surrogate markers for CAN

Tests of sudomotor function have been advocated as surrogate
measures for CAN with the additional advantage of assessing
small nerve fibres in the lower limbs. The Neuropad plaster
patch (TRIGOcare International, Wiehl, Germany) has shown
an AUC of 0.71 and values of sensitivity between 59% and 89%
and of specificity between 27% and 78% for CARTs-based
CAN [104,105]. Extending the observation period to 15 min-
utes might provide greater diagnostic usefulness [104]. Elec-
trochemical skin conductance (ESC) measured at the feet by
Sudoscan (Impeto Medical SAS, Paris, France; approved by the
Food and Drug Administration [FDA]) has been proposed as
a non-invasive, quick and easy test for sudomotor function
with AUC for CAN confirmed (based on CARTS) of 0.66, and
at a cut-off <70 pS a sensitivity of 60% and a specificity of 76%
[106]. A 1-year longitudinal study in 37 young adults with
T1DM did not find an association between changes in CARTs
(no change) and ESC (deterioration), and the utility of ESC in
the early assessment of CAN has been disputed [107]. On the
other hand, in 70 obese patients with and without pre-diabetes
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or diabetes a significant improvement in feet ESC and HRV
was observed at 24 weeks only in the patients with diabetes,
with the improvement in ESC related to that in HbAlc [108].
Thus, there are no conclusive data and no unanimous position
regarding the role of sudomotor function assessment for dia-
betic neuropathy [1,83], in particular of ESC measured using
Sudoscan [109,110].

Corneal confocal microscopy (CCM), which measures cor-
neal small fibre innervation, in a single study has shown for its
various parameters AUC of 0.89 to 0.91, sensitivity of 86% to
100% and specificity of 56% to 78% for CAN diagnosis [111].
However, in order to consider CCM as an alternative standard
for diagnosis and staging of CAN, greater specificity, its perti-
nence to clinical forms of CAN and a predictive value for car-
diovascular outcomes should be proven (the same is true for
sudomotor function tests). Moreover, a possible role of CCM
as an early biomarker for CAN requires larger studies, well
matched groups, and a comparison with sensitive autonomic
indices—like HRV and BRS—as well as a prospective design.

The vexed question: what is the clinical usefulness of CAN
screening and diagnosis?
With regard to the legitimate and recurrent question about the
effectiveness of CAN diagnosis in clinical practice, the answer is
that CAN assessment in patients with clinical CAN allows for
treatments targeting the clinical consequences of CAN and may
also provide insight into general therapeutic strategy (Fig. 4) [2].
In asymptomatic patients, the detection of CAN provides
useful information for risk stratification for diabetes-related
complications, cardiovascular morbidity and mortality, for the
defining and tailoring of the targets of diabetes therapy, to ad-
dress clinical inertia and foster patient adherence (Fig. 4) [2].
In a Korean study in 894 participants with T2DM followed for
9.5 years, the percentage of episodes of severe hypoglycaemia
increased from 5.4% to 17.2% and 22.7% in patients without
CAN, with early and definite CAN; definite CAN was associat-
ed with an adjusted hazard ratio of 2.43 for the development of
severe hypoglycaemia [58].

Conclusion on CAN assessment

CAN assessment is based on the evaluation of symptoms and
signs with CART: still being the gold standard for the diagno-
sis. Attempts are on the table at selecting candidates for CAN
screening, at simplifying the diagnostic approach by reconcil-
ing affordability with accuracy, with clinical relevance and
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prognostic value for outcomes. To face the wide under-diagno-
sis of CAN, potential resources are the promotion of increased
awareness of the usefulness of CAN assessment in clinical
practice, and the identification of barriers to implementation
(burden, costs, inertia, feeling of uselessness, and unaddressed
educational needs). However, we have to admit that there is
currently a lack of prospective studies assessing the cost-effec-
tiveness of CAN testing.

PREVENTIVE AND THERAPEUTIC
STRATEGIES

Lifestyle intervention targeting autonomic dysfunction
The first documentation of the beneficial effect of lifestyle in-
tervention on measures of cardiovascular autonomic function
was provided by the Diabetes Prevention Program trial with
2,980 participants with pre-diabetes, where lifestyle changes
were able to improve heart rate, HRV, and QTi length, with a
superiority on metformin on most of these indices [103]. Im-
provements in these indices were inversely associated with the
development of diabetes, independently of weight change.
However, in a small study of 25 non-diabetic subjects with
metabolic syndrome, a 24-week lifestyle intervention (includ-
ing supervised aerobic exercise and a Mediterranean diet) was
able to significantly reduce all oxidative stress markers but did
not change any CAN measures, i.e., CARTs, HRV indices, and
[''C]meta-hydroxyephedrine (["'C]HED) positron-emission
tomography (PET) imaging [112].

Effects of weight loss

A number of studies have demonstrated that even moderate
calorie-restricted weight loss can improve cardiac autonomic
modulation by increasing time and frequency-domain indices
of HRYV, ameliorating the sympathovagal balance and BRS, and
lowering the sympathetic tone in normotensive individuals
with obesity or in those with metabolic syndrome [24]. Five
studies assessed the effects of weight loss in diabetes, including
overall 100 obese and/or overweight subjects with T2DM [113-
117], with some design limitations (with them being mostly
uncontrolled and non-randomized), with a follow-up of 3 to 12
months, and weight loss obtained by bariatric surgery [113,115-
117] or caloric restriction diet [114,117], with a weight loss of at
least 10% effective [114,117], and a very low calorie diet equiva-
lent to a Roux-en-Y gastric bypass [117]. In these studies,
weight loss was associated with an increase in parasympathetic
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Fig. 4. (A) Clinical effectiveness of cardiovascular autonomic neuropathy (CAN) diagnosis in clinical forms of CAN and (B) the
awareness of CAN for the therapeutic strategy in asymptomatic forms of CAN. QTi, QT interval; BB, blood pressure; ANS, auto-

nomic nervous system.

indices of HRV and improved sympathovagal balance, and in
one study also with an improvement in CARTs [115].

In the previously cited study, in 70 obese patients with NGT,
pre-diabetes, or diabetes, bariatric surgery was associated with
a significant improvement in heart rate in all groups, and in the
HRYV index in only the diabetic group, independently of
changes in BMI or body fat [108].

In summary, given that obesity and early T2DM are associ-
ated with reduced HRV and sympathetic overactivity or pre-
dominance, available studies in mainly obese individuals with-
out diabetes—but also small, uncontrolled studies on T2DM—
document that weight loss, even moderate and however it was
achieved, is associated with increased parasympathetic indices
of HRV and reduced direct measures of sympathetic activity. A
few unresolved questions remain like the efficacy of interven-
tion in patients with CAN, the preventive ability of weight loss
on the progression of autonomic dysfunction/neuropathy, and
finally the protective effect of weight-loss-induced improve-
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ment in autonomic indices on cardiovascular outcomes (al-
though extrapolation might be possible from other studies in
the general population).

Effects of diet composition

With regard to the components of diet, a randomized 8-week
pilot trial in 28 obese patients with T2DM compared a low-en-
ergy diet high in cereal fibre, free of red meat, and high in coffee
with one low in fibre, high in red meat, and coftee free [118]. No
striking differences between two diets were observed in weight
loss or in the decrease in heart rate or increase in HRV; although
the former diet seemed to impact a little better on sympathova-
gal balance. The change in HRV was associated with an increase
in oxidative glucose utilization but not with changes in BMI, in-
sulin sensitivity and inflammatory markers [118]. The possibil-
ity to modulate cardiac autonomic control through diet compo-
sition cannot be ruled out, since various manipulations of diet,
mainly in the general population [119] but also in subjects with
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T2DM [120], including the introduction of a low-fat diet, Med-
iterranean diet, salmon diet, moderate-fat diet with pistachios,
have been shown to benefit HRV acutely and in the longer
term, also through their effects on sleep health [119].

Effects of physical exercise

Since the first randomized controlled study, showing in 50 men
with T2DM that combined exercise training (aerobic and resis-
tance) for 12 months was associated with improvement in BRS
(but not in HRV measures) [121], a number of studies have
evaluated the effects of physical activity on autonomic function
in T2DM. Four reviews have considered 25 studies including
six randomized controlled studies with an overall number of
about 700 subjects [122-125]. Most of them used time and fre-
quency-domain HRV indices and not CARTSs, included partici-
pants with T2DM and without CAN, and used aerobic and aer-
obic plus strength training. The studies mainly documented
significant improvement in HRV and BRS compared to base-
line and/or control group, with supervised exercise obviously
being better than non-supervised; endurance exercise and in-
tense combined exercise (resistance and aerobic training) were
effective. A 45 to 75 minutes length of session, a frequency of
more than 3 days/week, and duration of intervention of more
than 3 to 4 months were needed in order for it to be effective
[122-125].

However, most studies were of low quality, of small sample
size, with flaws in the study design, without a control group,
and not blinded, and just four were randomised control trials of
fair quality, with large heterogeneity in comparison groups, in-
tervention modalities, and outcome measures. Studies in
T1DM were lacking (only one study, on children), and only two
studies were on patients with CAN [122-125]. Thus, only low-
grade evidence exists of a moderate beneficial effect on HRV
indices in T2DM (without CAN or with early CAN), and there
is a need for high-quality exercise interventions especially in
T1DM, in order to obtain better evidence and clarify efficacy in
different CAN stages and, therefore, the most appropriate exer-
Cise intervention.

A recent randomised study compared the effects of 4 months
of aerobic and resistance training on HRV and BRS, in 30 sub-
jects with T2DM without CAN, and found that aerobic and re-
sistance training improved autonomic indices to a similar ex-
tent in both training modalities, but a significant effect on BRS
was apparent only with aerobic training [126].
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Slow breathing effects on BRS impairment in diabetes
Early impairment of BRS has been documented in T1IDM
[127] and it seems to have functional aspects because it is re-
versible during slow breathing, also in patients with long stand-
ing T1DM, and to a lower degree in those with early CAN
[128]. Similarly, BRS impairment present in patients with
T2DM is partially reversible during slow breathing even in the
presence of chronic diabetic kidney disease [128].

The suggested scenario of this slow breathing driven benefi-
cial effect on BRS is an abnormal cardio-respiratory reflex in-
teraction, centred on baroreflex and chemoreflex and charac-
terized by BRS attenuation and chemoreflex augmentation.
Slow breathing transiently would be able to enhance BRS and
reduce chemoreflex responses, while physical training would
produce the same effects in the long-term [128].

Conclusion on the prevention strategy for CAN

An effective preventive strategy for CAN should include
weight control, physical activity, smoking cessation, healthy di-
etary changes, glycaemic control, control of cardiovascular risk
factors like BP and dyslipidemia, and a behavioural approach
aimed at stress control, and last but not least, education [2]. In
this regard, the Toronto Consensus concluded that lifestyle in-
tervention may improve HRV in pre-diabetes and diabetes and
recommended that it should be offered as a basic preventive
measure [2]. Additional support for the favourable effect of
lifestyle intervention on autonomic function has been ob-
tained, whereas evidence is still lacking for confirmed CAN
and for cardiovascular outcomes. The ADA recommends con-
sidering lifestyle modifications to improve CAN in patients
with pre-diabetes [83].

Glycaemic control and CAN
There is clear evidence for the efficacy of intensive treatment of
hyperglycaemia in TIDM with a prolonged benefit (EDIC
study) [28], whereas efficacy is only apparent in the setting of a
multifactorial strategy in T2DM and with prolonged benefits
[129], albeit not confirmed in the ADDITION study [98].
However, in the ADDITION study [98] aimed at evaluating
the effects on the prevalence of CAN at the 6-year follow-up of
early detection with a screening-based diagnosis of T2DM and
subsequent intensive treatment in primary care, no baseline
assessment of CAN was done, and at follow-up the level of
medications was also high in the routine care group.

The ADA recommends optimizing glucose control as early
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as possible to prevent or delay the development of CAN in
T1DM, and also recommends considering a multifactorial ap-
proach targeting glycaemia and other risk factors to prevent
CAN in T2DM [83].

New glucose-lowering medications and autonomic nervous
system

Although a beneficial effect of metformin on the sympathova-
gal balance was documented in T2DM and mainly explained
by the concomitant decrease in plasma free fatty acids and in-
sulin resistance [130], an interesting point in the present era of
new classes of agents for diabetes care is the relationship be-
tween new glucose-lowering medications and the autonomic
nervous system.

Sodium glucose transporter 2 inhibitors

Starting with sodium glucose transporter 2 inhibitor (SGLT2i),
the first consideration is that the target of SGLT2i is the same
as with sympathetic nerves (i.e., renal tubular epithelial cells),
where efferent sympathetic fibres promote tubular sodium re-
absorption (Fig. 5) [131,132]. In this direction, cross talk be-

tween the sympathetic nervous system and SGLT2 regulation
has been conjectured on the basis of: (1) a pronounced increase
in SGLT2 expression induced by sympathetic neurotransmitter
noradrenaline in human renal proximal tubule cells [133]; and
(2) the inhibiting action of SGLT2i dapaglifozin on the expres-
sion of tyrosine hydroxylase and noradrenaline in the kidney
and the heart [133]. This observation opens up the new pros-
pect of sympathetic upregulation of SGLT2 and a sympa-
thoinibitory effect of SGLT2i with clinical relevance in T2DM
and possibly also in other conditions of sympathetic overactiv-
ity. Moreover, BP reduction following 4 days of treatment with
empaglifozin in 22 metformin-treated patients with T2DM did
not lead to an observed increase in MSNA in response to di-
uretic effects as an expression of reflex sympathetic activation,
suggesting at least a lowering modulation of sympathetic activ-
ity [134]. This lack of sympathetic activation corresponds to
the absent change in heart rate.

It would be of interest to understand whether some of the
positive effects on the cardiovascular system of these drugs are
mediated by interaction with the autonomic nervous system in
the kidney or directly in the central nervous system. However,
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Fig. 5. Interaction between sodium glucose transporter 2 inhibitor (SGLT2i) and sympathetic nervous system. NE, norepineph-
rine; T2DM, type 2 diabetes mellitus; BP, blood pressure; MSNA, muscle sympathetic nerve activity.
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clinical trials with SGLT2i using ABPM do not confirm a pref-
erential lowering effect on nocturnal versus daytime systolic
BP, despite the diuretic and natriuretic effect of these drugs and
the dipping restoration found with SGLT2i in rat models of
obesity and metabolic syndrome (Fig. 5) [135,136].

Glucagon-like peptide 1 receptor agonists

Experimental findings in mice and rats document that the cen-
tral and peripheral administration of a glucagon-like peptide 1
receptor agonist (GLP1-RA) increased heart rate, reduced fre-
quency-domain indices of HRYV, and increased sympathetic
activity (Fig. 6) [137,138]. In healthy individuals, acute GLP1-
RA infusion produced an increase in heart rate and in MSNA
[139]. In clinical trials, GLP1-RAs increased heart rate by
around 3 bpm [140] and lowered systolic BP as well as decreas-
ing the cardiovascular risk, at least to some extent. A recent
randomized, double-blind, placebo controlled 12+12-week
crossover study with a 2-week washout period, included 39
overweight participants with newly diagnosed T2DM and cor-
onary artery disease, treated with metformin, and randomized
to liraglutide or placebo [141]. Liraglutide and not placebo de-
termined an increase in heart rate and a decrease in time-do-
main indices of HRV (i.e., 24-hour standard deviation of NN
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intervals [SDNN]), persistent after multiple adjustments, de-
spite weight loss and an improvement in metabolic parame-
ters, suggesting for the authors an impairment in vagal activity
after liraglutide treatment [141]. Different responses to liraglu-
tide and lixisenatide were found in 60 patients with T2DM in a
prospective, single-centre, randomized, open-label study
[142], with an increase in 24-hour heart rate and in LF:HF ra-
tio only in the liraglutide group. Moreover, in a real-world
study of 28 patients with T2DM (on multiple antihyperglycae-
mic and antihypertensive treatment), chronic exenatide ex-
tended release (ER) once-weekly administration was associat-
ed with the expected increase in heart rate but an unexpected
decrease in LF:HF after 3 and 6 months that was interpreted as
the consequence of a compensatory mechanism [143]. The in-
crease in heart rate is believed to have multiple reasons, among
which: (1) an increase in sympathetic activity both directly
[144] and mediated by the GLP1-driven increase in endoge-
nous insulin [138]; and (2) an action on GLP1 receptors pres-
ent on the cardiomyocytes (Fig. 6) [142,145]. However, some
discrepancies exist in the available preclinical and clinical find-
ings suggesting possible species-specific patterns of GLP1 re-
ceptors in addition to differences between GLP1-RAs. More-
over, the GLP1-RA effects on heart rate and the autonomic
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Mice and
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GLP-1RA S
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Fig. 6. Glucagon-like peptide 1 receptor agonists (GLP1-RAs) and autonomic nervous system. HR, heart rate; HRV, heart rate
variability; SNS, sympathetic nervous system; MSNA, muscle sympathetic nerve activity; T2DM, type 2 diabetes mellitus; BP,

blood pressure; GLP-1 R, glucagon-like peptide 1 receptor.
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nervous system need to be reconciled with the favourable car-
diovascular outcomes in clinical trials of at least some GLP1-
RAs (liraglutide, semaglutide, exenatide ER).

Disease modifying treatments

A number of beneficial effects have been attributed to o-lipoic
acid, including an improvement in glucose homeostasis and
lipid profile, an anti-inflammatory action and the ability to re-
duce oxidative stress, as well as an increase in nitric oxide pro-
duction and in Na+/K+-ATPase activity and a reduction in
protein glycosylation [146-148]. Most of these pathways are in-
volved in diabetic neuropathy pathogenesis. Pharmacological
interventions with a-lipoic acid achieved some limited effect
in the Deutsche Kardiale Autonome Neuropathie (DEKAN)
Study of 73 patients with T2DM through the oral administra-
tion of 800 mg for 4 months [149], a significant improvement
in CARTs in an uncontrolled study of 49 participants with
T1DM through 600 mg intravenous for 10 days followed by
600 mg oral for 50 days [150], and borderline efficacy in an-
other study of 75 patients with T2DM on a HRV measure (i.e.,
SDNN) with an oral administration of 600 and 1,200 mg for 12
weeks each [151]. Moreover, the combination of o-lipoic acid
1,200 mg oral with nicotinamide 1,500 mg and allopurinol 300
mg failed to influence CAN measures in 31 patients with
T1DM [152], pointing to possible negative metabolic interac-
tions between the three antioxidants. On the other hand, in a
post hoc analysis of the large Neurological Assessment of
Thioctic Acid in Diabetic Neuropathy (NATHAN) 1 trial (480
patients with TIDM and T2DM), a 4-year improvement in the
deep breathing test with the ALA compared to placebo was
predicted by treatment at baseline with angiotensin converting
enzyme inhibitors, oral antidiabetic agents and insulin, sug-
gesting that a co-administration of ¢.-lipoic acid and angioten-
sin converting enzyme inhibitors might exert an additional
neurovascular beneficial effect [153]. No significant side effects
were recorded in these trials.

In a meta-analysis, aldose reductase inhibitors (with the ex-
ception of ponalrestat) were somewhat effective on HRV mea-
sures and the 30:15 test, with a better control (HbAlc <8%)
and a shorter diabetes duration (<9.5 years) being predictors
of efficacy; they were safe [154].

Among other agents, isolated unconfirmed studies docu-
mented beneficial effects on CAN measures of C-peptide in
T1DM [155] and of vitamin E in T2DM [156]. Angiotensin
converting enzyme inhibitors and angiotensin receptor block-
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ers (quinapril, trandolapril, losartan) had inconsistent efficacy
(effective in three out of six small studies) [157-162], and
B-blockers (metoprolol) was effective in one study [163]. All
these findings, however, are insufficient to reach recommenda-
tions on these agents with the current guidelines.

Treatment of symptomatic OH

Treatments for clinical forms of CAN do however exist. With
regard to OH, treatment is reccommended only in symptomatic
forms, with the objective of minimizing symptoms and in-
creasing autonomy in daily life (not of normalizing standing
BP). Non-pharmacological measures are often sufficient. The
first step considered is the exclusion or dose reduction of drugs
that can worsen OH, then the correction of volume depletion,
and other measures like lower body strength training and
moderate recumbent exercise, physical manoeuvres, and rapid
drinking of 500 mL of water [164]. Appropriate education of
patients is an essential element of this strategy. Pharmacother-
apy of symptomatic OH includes midodrine and droxidopa
(the only two FDA approved drugs for neurogenic OH, the lat-
ter with an orphan designation, based on the efficacy on symp-
toms in studies not including OH due to diabetic neuropathy,
and not available on the market in all countries), fludrocorti-
sone, a combination of drugs in non-responders, and other less
established drugs, like pyridostigmine, acarbose, octeotride,
desmopressin, and erythropoietin [2,75,164].

Treating supine hypertension can be of particular difficulty
because of the need to lower supine BP without worsening
OH. A recent consensus redefined supine hypertension as the
presence in patients with neurogenic OH of a systolic BP of
>140 mm Hg and/or diastolic BP of >90 mm Hg, measured
after at least 5 minutes of rest in a supine position [165], and its
severity as mild, moderate or severe with values of systolic or
diastolic BP of 140 to 159 or 90 to 99 mm Hg, 160 to 179 or 100
to 109 mm Hg, and =180 or 2110 mm Hg, respectively [165].
Treatment is needed for severe forms and can utilize short-act-
ing antihypertensive medications at bedtime like captopril,
losartan and low-dose nitroglycerin patch [164].

Targeting nondipping and reverse dipping

A 2011 Cochrane analysis including 21 RCTs in 1,993 patients
with hypertension compared the effects of once-daily evening
versus morning dosing regimen on BP levels with patients
with primary hypertension [166]. It found that an evening ad-
ministration obtained slightly better 24-hour BP control than
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the morning regimen, but the impact of this on death and ad-
verse cardiovascular outcomes was not known [166]. Four
studies on patients with diabetes explored the effects on BP
levels and outcomes of bedtime administration of antihyper-
tensive drugs (Table 4) [167-170], among which the largest was
the Spanish Monitorizacién Ambulatoria para Prediccion de
Eventos Cardiovasculares (MAPEC) study [168], and just one
was in TIDM [170]. All the studies documented—despite dif-
ferences in design—that nocturnal BP was lowered or noctur-
nal BP fall was increased with bedtime administration of at
least one or all the antihypertensive medications, but only the
MAPEC study was able to document significantly reduced car-
diovascular morbidity and mortality, with less than 12% of
events per each 5 mm Hg decrease in asleep systolic BP [168].
Although further long-term outcome trials are needed to eval-
uate the efficacy and safety of bedtime administration of anti-
hypertensive treatment, night-time BP and nondipping might
be an appropriate treatment target in the diabetic more than in
the general population, also because reverse dipping might
represent a surrogate marker for CAN.

Conclusion on therapeutic options for CAN

The role of intensive diabetes therapy in delaying the develop-
ment of CAN in T1DM is confirmed, whereas only limited ev-
idence exists for intensive multifactorial intervention in
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T2DM. Emerging data from the new class of SGLT2i introduc-
es the possibility of a modulatory effect on cardiovascular au-
tonomic function. No conclusive evidence for pharmacologi-
cal disease modifying treatment exists (as with diabetic poly-
neuropathy). On the other hand, symptomatic treatment of
clinical correlates of CAN like OH and nocturnal hypertension
is both available and advisable.

CONCLUSIONS

In conclusion, CAN dimensions are still relevant. CAN starts
very early: available data on autonomic dysfunction in pre-dia-
betes are increasing. Preliminary data might challenge the idea
of CAN irreversibility, but the natural history of CAN is still
undefined. CAN has bad, old and new companions: the new
correlates might become new targets for prevention. There
have been confirmatory data on the prognostic meaning of
CAN and increasing evidence of its central role in cardiovas-
cular health.

CAN detection can help both the clinician and the patient,
although cost-effective studies are still lacking. CAN under-di-
agnosis can be addressed through a mix of education, flexibili-
ty, adaptability to local resources and to the individual’s risk
profile, in addition to searching for more affordable testing.

New data support the efficacy of CAN prevention at an early

Table 4. Studies in diabetes exploring the effects on BP levels and outcomes of bedtime administration of antihypertensive drugs

Results
Study Design Population Methodology Cardiovascu- Comments
BP lar outcomes
Tofe Povedano etal. Open-label crossover 40 T2DM, Olmesartan 40 mgin  {Nighttime Not evaluated
(2009) [167] study hypertensive  the morning or at =24 hr
16 wk subjects bedtime
Hermida et al. Randomized, open-la- 448 T2DM, All hypertension med- {Nighttime | Mortality ~ 12% risk reduction per
(2011) [168] bel, blinded end- hypertensive  ications upon waking =24 hr and events each 5 mm Hg decrease
point study subjects or 21 at bedtime in nighttime systolic BP
5.6 yr (MAPEC study) during follow-up
Rossen et al. Open-label crossover 41 T2DM Morning or bedtime | Nighttime Not evaluated TMorning urinary sodi-
(2014) [169] study subjects with  administration ofall {24 hr um/creatinine.
16 wk nocturnal antihypertensive =Daytime
hypertension  drugs
Hjortkjaer et al. Randomized, placebo- 24 TIDM Bedtime versus morn- TDipping ~ Not evaluated No effects on left ventric-
(2016) [170] controlled, double- subjects with  ing dosing of enala- =BP ular hypertrophy
blind crossover study ~ CAN and pril 20 mg (plus oth-
24 wk nondipping er medications)

BP, blood pressure; T2DM, type 2 diabetes mellitus; MAPEC, Monitorizacién Ambulatoria para Prediccion de Eventos Cardiovasculares;
T1DM, type 1 diabetes mellitus; CAN, cardiovascular autonomic neuropathy.
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stage, but CAN still needs more effective prevention and dis-
ease modifying treatment. CAN’s clinical forms are treatable.
In conclusion, CAN still needs to be fully dealt with in prac-
tice, knowledge, education, as well as in research.
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