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�Introduction

People with type 2 diabetes mellitus (T2DM), 
even when uncomplicated, have been shown to 
have decreased exercise capacity as compared 
with age- and weight-matched nondiabetic sub-
jects as detailed in Chap. 1 of this book. Since the 
prevalence of comorbidities is relatively high in 
the diabetic population (Table 18.1), the impact 
of comorbidities on exercise performance is of 
major concern. Since exercise has a central thera-
peutic role in diabetes, it is important to recog-
nize how differences in exercise physiology in 
the presence of diabetic comorbidities may 

impact upon exercise recommendations to this 
population. This chapter will describe the exer-
cise abnormalities correlated with the common 
diabetic comorbidities of hypertension, arterial 
stiffness, congestive heart failure (CHF, includ-
ing systolic and diastolic dysfunction), as well as 
macrovascular and microvascular disease. 
Certainly, many people with diabetes with com-
plications will have more than one of these enti-
ties simultaneously, but the changes in exercise 
physiology attendant to these comorbidities will 
be addressed individually where possible. This 
chapter will also discuss the available data on the 
particular benefits of exercise training with each 
comorbidity when those data are available. The 
focus will be on exercise pathophysiology in sub-
jects with T2DM with type 1 diabetes mellitus 
(T1DM) included as well, although the data in 
T1DM are more limited.

As context for this chapter’s discussion of 
diabetic comorbidities impact upon exercise 
impairment, it is useful to quickly review the 
exercise abnormalities in uncomplicated diabe-
tes. Subjects with T1DM have been shown in 
two small studies to have no exercise impair-
ment (as assessed by maximal exercise capac-
ity) in comparison with similarly active 
nondiabetic controls matched for age, sex, and 
body weight [1, 2]. However, more recently, 
Nadeau et al. did find impaired functional exer-
cise capacity in T1DM compared to similarly 
matched controls [3]. 
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Exercise impairment has incontrovertibly 
been shown in subjects with uncomplicated 
T2DM and will be discussed briefly.

Despite a lack of apparent microvascular or 
macrovascular complications, subjects with 
T2DM have approximately 20% worse maximal 
exercise capacity as compared with control sub-
jects [4–8]. This impairment appears to be 
caused by slowed oxygen delivery to working 
muscles of both “central” (cardiac) and “periph-
eral” (exercising muscle) origins. The periph-
eral causes of decreased exercise capacity may 
include endothelial dysfunction (precluding 
appropriate vasodilation to increase perfusion 
of exercising muscle), impaired microvascular 
distribution of flow, decreased oxygen diffusion, 
and/or decreased oxygen extraction [9]. The 
central causes may include endothelial dysfunc-
tion (precluding appropriate vasodilation of 
coronary arteries in response to increased myo-
cardial workload [9], decreased cardiac output 
during exercise [9], and exercise-associated 
impaired left ventricular function [10, 11]). 
Exercise-associated impaired left ventricular 
function (also termed “diabetic cardiomyopa-
thy”) is not present in all subjects with T2DM 
but is relatively common and will be discussed 
separately in the “Congestive Heart Failure” 
section of this chapter.

�Hypertension and Arterial Stiffness

Hypertension and arterial stiffness both reflect 
similar vascular pathophysiology relating to 
increased peripheral vascular resistance and/or 
cardiac output. Both may play important roles in 
altering usual exercise physiology. It is important 
to consider how these pathophysiologic factors 
may impact on exercise, since the prevalence of 

hypertension in subjects with T2DM ranges from 
39% to 71% [12–14] and arterial stiffness has 
been shown to be 13% higher in subjects with 
T2DM than in those without [15]. This section 
will review how hypertension and arterial stiff-
ness impair exercise performance in diabetes, the 
methods by which routine exercise training can 
remediate these deficits, and the attendant bene-
fits to exercise in diabetics beyond improving 
exercise performance.

�Effects of Hypertension on Exercise 
Performance in T2DM

The addition of hypertension to diabetes has 
been shown to decrease exercise capacity. One 
small Austrian study showed a significantly 
decreased maximal oxygen consumption 
(VO2max) in eight subjects with T2DM and 
hypertension as compared with six normotensive 
T2DM subjects, eight nondiabetic hypertensive 
subjects, and eight age-, sex-, and BMI-matched 
controls (p < 0.01 vs. normotensive T2DM, non-
diabetic hypertensives, and controls) [16]. 
Babalola et al. showed a tendency toward a lower 
exercise time in diabetic hypertensives 
(289 ± 110  s) as compared to diabetic subjects 
without hypertension (321 ± 119  s), hyperten-
sives who did not have diabetes (309 ± 73 s), and 
healthy controls (490 ± 156 s) using a modified 
Bruce protocol treadmill test [17]. This study 
lacked sample size to differentiate between the 
diabetic normotensive and diabetic hypertensive 
groups. However, there was a statistically sig-
nificant difference in exercise duration between 
the four groups (p < 0.05), and a rank-order trend 
suggested the worst exercise capacity (as mea-
sured by maximal exercise time) was in the dia-
betic hypertensive group.

Table 18.1  Prevalence of selected comorbidities in people with type 2 diabetes mellitus (T2DM)

Comorbidity HTN (%) CHF (%) CAD (%) PAD (%) Nephropathy (%) Retinopathy (%)

T2DM 39–711,2,3 11.84 27–555 1.2–12.56 7–307 3–278

References = [1, [239] = Albright et al. 1995], [2, [14] = Geiss et al. 2002], [3, [12] = HDS I 1993], [4, [100] = Nichols 
et al. 2001], [5, [240] = Anand et al.], [6, [133] = Adler et al. 2002], [7, [167] = Adler et al. 2003], [8, [168] = Brown et al. 
2003]
KEY: HTN hypertension, CHF congestive heart failure, CAD coronary artery disease, PAD peripheral arterial disease
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�Effects of Hypertension 
on Exaggerated Sympathetic 
Nervous System Response to Exercise 
in T2DM

The greater response of the sympathetic nervous 
system to exercise in people with diabetes and 
comorbid hypertension is of interest for three rea-
sons. Firstly, it is known that the sympathetic ner-
vous system is already more active in resting 
subjects with diabetes or hypertension than in 
nondiabetic or non-hypertensive subjects [18–
21]. This raises the question as to how that ele-
vated baseline activity will impact sympathetic 
activity with exercise. Secondly, it is known that 
exercise induces an increase in sympathetic ner-
vous system activity and catecholamine release in 
all subjects but that during exercise there are feed-
back mechanisms which further mediate sympa-
thoadrenal activity levels [22]. Since 
catecholamines induce lipolysis, the insulin 
resistance-induced impairment of lipolysis in adi-
pocytes is one such diabetic maladaptation which 
may result in positive feedback to the sympatho-
adrenal axis during exercise [23]. The existence 
of greater sympathetic activation with exercise in 
subjects with both diabetes and hypertension 
encourages the investigation of other possible 
contributors to this positive feedback. Thirdly, it 
is of clinical interest to know that catecholamine 
levels become higher with exercise in diabetic 
hypertensive than in diabetic normotensive indi-
viduals due to a more robust sympathoadrenal 
response. Future research may explore to what 
degree the exaggerated sympathoadrenal response 
to exercise in diabetes is a beneficial compensa-
tory adaptation or a maladaptive response due to 
abnormal metabolic and circulatory factors.

Sympathoadrenal overactivity has been demon-
strated in subjects with T2DM and comorbid hyper-
tension as expressed by the increased release of 
catecholamines with exercise. One study looked at 
differences in exercise-induced catecholamine 
response between four groups: T2DM with hyper-
tension, T2DM without hypertension, hypertension 
without T2DM, and control subjects [16]. Each 
subject performed a stationary cycling exercise for 
15 min with 5-min incremental workload steps of 

25%, 50%, and 75% of individually measured 
VO2max. Blood pressure and plasma catechol-
amine measurements were obtained 10 min prior to 
exercise and then at each 5-min workload and at 
timed intervals during recovery. This study showed 
greater exercise-induced unconjugated normeta-
nephrine levels in the hypertensive T2DM subjects 
as compared with their age-, sex-, and BMI-matched 
controls (2156 ± 373 pg/ml/min vs. 1133 ± 180 pg/
ml/min, p = 0.04) with no change in the normoten-
sive T2DM or nondiabetic hypertensive subjects as 
compared with controls. At baseline, unconjugated 
metanephrines were lower in hypertensive T2DM 
and normotensive T2DM subjects (p  =  0.03 and 
0.04, respectively) than in their respective controls. 
Although there was a lower VO2max in the T2DM 
hypertensives than in the other groups (p < 0.01 vs. 
normotensive T2DM, nondiabetic hypertensives, 
and controls), no tests of correlation were per-
formed between the unconjugated metanephrine 
levels and exercise capacity. The authors of this 
study concluded that the excessive response of 
plasma unconjugated normetanephrines may serve 
as a marker of exaggerated sympathoadrenal func-
tion in hypertensive T2DM [16]. Previous studies 
have found that subjects with excessive sympatho-
adrenal activity had elevated noradrenaline levels 
during exercise testing but not at baseline [24, 25]. 
It is not yet certain if the elevated catecholamine 
response to exercise is due to sympathoadrenal 
overactivity or to a greater catecholamine response 
requirement to maintain cardiac output and glucose 
homeostasis with exercise. Again, this suggests fur-
ther research is warranted into the mechanisms of 
exaggerated exercise-induced sympathetic outflow 
as well as whether this greater sympathetic activity 
is beneficial or only maladaptive.

�Arterial Stiffness in the Presence 
of Hypertension and T2DM

Increased arterial stiffness (also termed 
“decreased elasticity” or “decreased vascular 
compliance”) is a ubiquitous endpoint of many 
disease processes. Not only diabetes but also 
arterial hypertension, hyperlipidemia, congestive 
heart failure, and chronic uremia have all been 
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shown to lead to decreased elasticity in large 
arteries [26]. However, arterial stiffness may be 
particularly pronounced in T2DM.  Given that 
arterial stiffness is a newer physiologic measure 
as yet without well-defined reference normal lev-
els, the prevalence of arterial stiffness in T2DM 
is uncertain. However, one epidemiologic study 
showed a 13% increase in arterial stiffness (as 
measured by pulse pressure/stroke volume) in 
T2DM subjects as compared with controls [15]. 
In addition, measures of arterial stiffness have 
been shown to correlate with CVD risk and death, 
supporting arterial stiffness as a clinically impor-
tant complication/comorbidity of diabetes [27].

Increased arterial stiffness results from three 
general types of changes to arterial structure and 
function [26]. Structural arterial changes include 
smooth muscle cell hypertrophy, increased col-
lagen matrix deposits, and abnormal proteogly-
can metabolism [26]. Functional abnormalities 
such as endothelial dysfunction, vascular insulin 
resistance, and abnormal vasa vasorum microcir-
culation also increase arterial wall stiffness [26, 
28]. Finally, increased permeability of vessel 
walls leads to disruption of the interstitial matrix 
[26]. Thus, arterial stiffness results from a combi-
nation of structural and functional processes.

The degree of arterial stiffness observed is deter-
mined by the timing and magnitude of reflected 
waves from the peripheral vasculature as well as the 
cardiac output and central arterial vascular resis-
tance [29, 30]. Noninvasive measurements of arte-
rial stiffness include pulse pressure, pulse pressure/
stroke volume, augmentation index (AI), pulse 
wave velocity (PWV), and ultrasound stiffness 
index β. For each of these metrics, higher measure-
ments indicate greater stiffness. Like hypertension, 
increased arterial stiffness is related to increased 
vascular resistance but is felt to reflect central aortic 
blood pressure as opposed to the peripheral blood 
pressure measured with a sphygmomanometer [31]. 
Though a paucity of data exist to compare the utility 
of lowering arterial stiffness vs. treating blood pres-
sure with regard to morbidity, the large ASCOT-
CAFÉ randomized controlled trial illustrated that 
improved arterial stiffness between groups corre-
lated with better cardiovascular outcomes 
(decreased cardiovascular events/procedures and/or 

decreased renal impairment) despite equivalent 
blood pressures between the amlodipine and ateno-
lol-based regimens [32]. This illustrates that 
although arterial stiffness is related to hypertension, 
vascular compliance may have additional physio-
logic relevance beyond hypertension. The next sec-
tion will review the implications of arterial stiffness 
upon exercise performance in subjects with T2DM.

�Effects of Arterial Stiffness 
on Exercise Performance in T2DM

Arterial stiffness has been shown to be associated 
with low physical activity and reduced exercise 
capacity in adults with and without T2DM.  In a 
study of 65 subjects with early uncomplicated 
T2DM and 65 controls, arterial stiffness, measured 
as carotid femoral PWV, correlated more tightly 
with low physical activity than with presence or 
absence of T2DM [33]. The negative correlation 
between several measures of arterial stiffness and 
exercise capacity has been reported in several stud-
ies (reviewed in [34]). The cause and effect rela-
tionship between exercise capacity/physical 
activity and arterial stiffness remains unclear, but 
some studies have found arterial stiffness-related 
defects that could worsen exercise capacity and tol-
erance. Increased arterial stiffness in diabetes is 
associated with abnormalities in the vascular circu-
lation with exercise in subjects with T1DM and 
T2DM.  Arterial stiffness (as measured by ultra-
sound with stiffness “β”) independently predicted 
decreased peripheral circulation to the foot during 
exercise (as measured by the well-validated trans-
cutaneous oxygen tension index (TcPO2 index, 
[35–37]) in Japanese subjects with T2DM and nor-
mal peripheral circulation (ABI >0.9) [38]. In 
another study, arterial stiffness (measured as radial 
artery AI) correlated with echocardiographic mea-
sures of diastolic dysfunction in 213 high-risk indi-
viduals without CVD [39]. Consistent with this 
was the increased risk of incident congestive heart 
failure in individuals with higher carotid femoral 
PWV in 2539 participants in the Framingham 
study [40]. Furthermore, subjects with T1DM 
maintained a higher peripheral vascular resistance 
during cycle ergometry as compared with control 
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subjects (p < 0.01) with an associated greater rise in 
diastolic blood pressure (p < 0.01, T1DM vs. con-
trols) [41]. Other studies have also confirmed an 
exaggerated diastolic blood pressure rise with exer-
cise in T1DM subjects vs. controls [42, 43]. In 
T1DM adolescents with increased arterial stiffness, 
elevated diastolic blood pressure with exercise and 
endothelial dysfunction (as measured by impaired 
forearm vasodilator response to brachial ischemia) 
were present and correlated with diabetes duration 
and glycemic control [42]. Overall, these studies 
support, but do not prove, the hypothesis that 
increased central arterial stiffness in T2DM, with 
resulting higher exercise afterload and a mechanis-
tically related ventricular stiffness and diastolic 
dysfunction, leads to impaired cardiac output dur-
ing exercise, thus directly contributing to reduced 
maximum exercise capacity in T2DM.

�Benefits of Exercise Training 
in Persons with Diabetes Mellitus 
and Hypertension or Arterial 
Stiffness

Aerobic exercise has repeatedly been shown to 
lower blood pressure in nondiabetic hypertensive 
individuals by an average of 5–6 (systolic) and/or 
4–5 (diastolic) mm Hg [44, 45]. Even lower-
intensity exercise such as regular walking has 
been shown to lower blood pressure by 3 (sys-
tolic) and/or 2 (diastolic) mm Hg [46]. Less 
information is present on benefits in subjects 
with diabetes and comorbid hypertension 
(reviewed in [47]), but the available data will be 
reviewed briefly.

Several randomized control trials of exercise 
training in human subjects with both diabetes mel-
litus and hypertension have now been performed. 
Of note, some are confounded by concomitant 
weight loss. The trial with the highest percent of 
comorbid hypertension compared an “intensively 
treated” group with uncontrolled T2DM (n = 36, 
HbA1c >8%) vs. a comparable T2DM control 
group (n = 36) receiving “usual care” [48]. Over 
85% of both study groups had comorbid hyperten-
sion with a similar degree of hypertensive control 
at baseline. The exercise intervention consisted of 

a recommended aerobic exercise bicycling regi-
men as well as resistance exercises with elastic 
exercise bands, three to five times per week for 
45–55 min at 50–80% of maximal heart rate with 
adjustments over the course of the study to main-
tain this intensity level. Over 12 months in subjects 
with T2DM, weekly exercise levels increased 2.5-
fold in the intervention group (from 7.5 to 19.7 
METs) with no significant change in the control 
group. There was no increase in the use of antihy-
pertensive agents from baseline in either the inter-
vention or control groups, but there was a 
significant 12-month improvement in the interven-
tion group’s mean blood pressure from 144/85 to 
130/76 (p  <  0.005). Interestingly, although this 
intervention also included diet, the intervention 
group did not significantly lose weight. In addi-
tion, over the 6 months following this intervention, 
the exercise level worsened significantly in the 
intervention group (from 19.7 to 9.1 METs), and 
the accompanying increased systolic blood pres-
sure and weight in that group correlated negatively 
to amount of time spent on exercise (r = 0.43 for 
systolic blood pressure, r = 0.363 for weight, both 
p  <  0.05) confirming the relationship between 
increased exercise and improved blood pressure. 
The largest randomized controlled studies that 
looked at effect of lifestyle (diet plus exercise) 
interventions on blood pressure in T2DM were the 
Look AHEAD [49] and the Italian Diabetes and 
Exercise Study (IDES) [50]. In Look AHEAD 
5145 individuals with T2DM (75% on antihyper-
tensive medications) were randomized to an inten-
sive lifestyle intervention (ILI) group versus a 
diabetes support and education (DSE) group. The 
ILI included calorie restriction and increased 
physical activity with a goal of 175 min per week 
of moderate-intensity physical activity. After 
1  year of follow-up, blood pressure was signifi-
cantly improved in the ILI compared to the DSE 
group (−6.8/−3.0 vs. −2.8/−1.8, p  <  0.001). 
However, confounding this result is the fact that 
this group also lost 8.6% of their body weight 
compared to 0.7% in the DSE group. In contrast, 
the IDES emphasized exercise alone. Six hundred 
six subjects with T2DM and metabolic syndrome 
were randomized to twice-weekly supervised aer-
obic plus resistance training plus counseling ver-
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sus counseling alone. At baseline, BP was 
~140/85 in both groups, and >60% of the cohort 
was on antihypertensive medication. At 1 year, the 
exercise group had significantly greater improve-
ment in BP than the control group (difference in 
delta BP −4.2/−1.7; p = 0.002 for SBP, 0.03 for 
DBP). BMI also decreased in the intervention 
group, but the decline, though significant, was 
small (2.9%). Three smaller RTCs similarly found 
improved BP in individuals with T2DM (68%, 
50%, and 52% with apparent comorbid HTN, 
respectively) in the exercise group compared to a 
control group [51–53]. Weight decreased signifi-
cantly in one [52] but not in the other two. In con-
trast, three other small RTCs did not find a benefit 
of an exercise intervention on blood pressure in 
T2DM individuals [54–56]. One study [56] com-
pared calorie restriction with or without aerobic 
exercise in 29 individuals with T2DM and was 
likely simply underpowered in that a similar 
decrease in SBP was noted in the diet plus exercise 
group (n = 13) but did not reach statistical signifi-
cance (p = 0.09). Another implemented a 2-year 
supervised endurance plus resistance training 
intervention in 50 men with T2DM and found no 
change in either weight or SBP [54]. Finally, Sigal 
et  al. compared 22 weeks of aerobic, resistance, 
combined, and no-exercise control groups (~60 
per group) and found no change in BP in any of the 
groups despite a significant weight loss in only the 
aerobic exercise group [55]. In summary, there is 
evidence that exercise can improve blood pressure 
in T2DM, but this conclusion is [1] not universally 
supported by the literature and [2] confounded by 
the concomitant weight loss in some of the 
studies.

The impact of training exercise on arterial 
stiffness has also been examined (reviewed in 
[57]). Several studies in adults without T2DM 
but with metabolic syndrome [58, 59] or end-
stage renal disease [60] have demonstrated 
reduced arterial stiffness after an exercise inter-
vention. In metabolic syndrome both aerobic [59] 
and resistance [58] training have been found to 
improve arterial stiffness. In a cohort of 23 human 
subjects with T2DM, 3 weeks of moderate exer-
cise training for all subjects resulted in lessened 

arterial stiffness (as measured by ultrasound stiff-
ness index β) at the carotid (p = 0.020) and femo-
ral (p  <  0.001) arteries [61]. In this study, 
improved insulin resistance resulting from exer-
cise training correlated with decreased arterial 
stiffness at the carotid (p  =  0.040) and femoral 
artery (p = 0.016). Another study randomized 35 
women with T2DM to an aerobic exercise group 
(AEG) or a control group [62]. The AEG com-
pleted a 12 week intervention of accelerometer-
confirmed 60 min of aerobic exercise three times 
a week. Arterial stiffness (AI) improved signifi-
cantly in the AEG, and the percent change in AI 
correlated with the increase in physical activity 
energy expenditure, but interestingly not with 
insulin sensitivity. In contrast, despite increasing 
VO2max, another small crossover human study 
did not show an improvement in arterial stiffness 
or blood pressure after 8 weeks of bicycle exer-
cise training (thrice-weekly at 60% maximum 
heart rate) in five men and women with T2DM 
and isolated systolic hypertension [63].

In summary, hypertension and arterial stiff-
ness are related abnormal pathophysiological 
processes which are prevalent in diabetes. 
Arterial stiffness is a much newer physiologic 
measurement than hypertension, and so the clini-
cal consequences of its presence and treatment 
are generally less well known than that of hyper-
tension. Comorbid hypertension has been shown 
to impair exercise capacity and increase catechol-
amine release with exercise in subjects with 
T2DM.  Arterial stiffness has been correlated 
with impaired diastolic function and decreased 
peripheral muscle perfusion during exercise in 
T2DM persons with normal peripheral circula-
tion as well as increased peripheral vascular 
resistance with exercise in T1DM. In the major-
ity of studies done to date, both hypertension and 
arterial stiffness are at least partially remediable 
with exercise training. The benefits of lowering 
blood pressure and arterial stiffness in diabetic 
hypertensive subjects and lack of harmful side 
effects with appropriate prescreening of subjects 
are encouraging enough to recommend exercise 
routinely to patients with diabetes mellitus and 
comorbid hypertension.

I.E. Schauer et al.
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�Congestive Heart Failure (CHF)

It is well established that cardiac function is 
impaired even early in diabetes with a predomi-
nance of diastolic dysfunction that may play a 
role in exercise impairment in diabetes [64]. This 
section is divided into two parts focused on the 
roles in exercise impairment and response to 
exercise of diastolic and systolic dysfunction, 
respectively.

�Effects of Impaired Diastolic 
Dysfunction on Exercise Performance 
in T2DM

In 1972, Rubler et al. described four diabetic sub-
jects with congestive heart failure (CHF) despite 
normal coronary arteries and no convincing etiol-
ogy for their cardiomyopathy [65]. Further rec-
ognition of “diabetic cardiomyopathy” followed, 
with prevalence rate estimates of diastolic dys-
function in diabetic subjects ranging from 30% in 
studies using conventional echocardiography 
[66–68] to 52–70% with more detailed Doppler 
echocardiograms using Valsalva maneuvers and 
pulmonary venous recordings [69, 70]. Since 
then many studies have confirmed this high prev-
alence of diastolic dysfunction even in early 
uncomplicated, asymptomatic well-controlled 
T2DM without hypertension or evidence of coro-
nary artery disease [71–78]. Since its discovery 
four decades ago, greater understanding has 
developed as to the characteristics and causes of 
diabetic cardiomyopathy, though it is still incom-
pletely understood. Current theory holds that dia-
betic cardiomyopathy is caused by multiple 
factors including hyperglycemia-induced myo-
cardial fibrosis, metabolic disturbances related to 
insulin resistance, chronically increased oxida-
tive stress, endothelial dysfunction, coronary 
microvascular dysfunction, cardiac autonomic 
dysfunction, advanced glycation end products, 
activated protein kinase C-β, microRNAs, mito-
chondrial dysfunction, and possibly more 
(reviewed in [77, 79–83]). Physiologically, dia-
stolic dysfunction is a cardinal feature of the dia-
betic cardiomyopathy [84, 85].

Diastolic dysfunction is usually asymptomatic 
unless accompanied by other comorbidities [84]. 
In the presence of comorbid hypertension or 
myocardial ischemia, clinical features of CHF 
may develop from diastolic dysfunction despite 
the maintenance of a normal ejection fraction 
[85]. Several studies have shown that asymptom-
atic subjects with T2DM and diastolic dysfunc-
tion still remain at higher risk to develop CHF 
[84, 85] and also appear to have lower exercise 
capacity than diabetic subjects without diastolic 
dysfunction [73, 75, 76].

Considerable evidence links diastolic dys-
function to impaired exercise capacity in popula-
tions without diabetes (reviewed in [86, 87]). 
Four studies to date have correlated diastolic dys-
function with exercise impairment specifically in 
diabetes, while one did not. Poirier et al. showed 
worse maximal exercise treadmill performance 
in men with well-controlled uncomplicated 
T2DM and diastolic dysfunction (n = 10) as com-
pared with age, weight, and clinically matched 
T2DM controls without diastolic dysfunction 
(n = 9) [10]. In this study, the diabetic subjects 
with resting diastolic dysfunction had a decreased 
duration of exercise time on a modified Bruce 
protocol (662 vs. 803 s, p < 0.02) and decreased 
metabolic equivalents (“METs”) of 9.5 vs. 11.4 
METs (p  <  0.02). A correlation was also seen 
between the Em/Am ratio (echocardiographic 
marker of diastolic dysfunction as defined by the 
ratio of early to late mitral valve filling velocities) 
and exercise duration (r = 0.64, p = 0.004) and 
METs (r = 0.66, p = 0.003). In another study, a 
group of both T1DM and T2DM subjects (69.6% 
T2DM) performed symptom-limited Bruce pro-
tocol exercise tests. In this study exercise perfor-
mance in METs was lower in the diabetic subjects 
with diastolic dysfunction vs. those without dia-
stolic dysfunction (8.56 vs. 10.32 METs, 
p < 0.05) [76]. Irace et al. performed ergometer 
exercise stress tests in 38 subjects with T2DM 
and compared the presence of diastolic dysfunc-
tion in the subjects with a symptom-limited stress 
test (prior to reaching maximal predicted heart 
rate) vs. the subjects who completed ergometer 
tests to maximal predicted heart rate [73]. The 24 
T2DM subjects with symptom-limited ergometer 
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exercise stress tests had a correlation between 
decreased diastolic function and exercise dura-
tion. However, no significant correlation between 
diastolic dysfunction and exercise duration was 
found in the 14 subjects with T2DM who were 
able to complete ergometer exercise stress tests 
to maximal predicted heart rate. In comparing 
subjects with T2DM and normal exercise capac-
ity (n  =  52) or abnormal exercise capacity 
(n = 118), Fang et al. showed that preserved dia-
stolic function (as defined by maximal early 
mitral valve filling velocity = Em) was correlated 
with better maximal exercise treadmill capacity 
(r = 0.43, p < 0.001) and remained an indepen-
dent predictor of exercise capacity after multi-
variate analysis (p  <  0.05) [88]. Finally and in 
contrast, Gurdal et al. studied 43 individuals with 
T2DM and 20 healthy controls. They found that 
the significantly reduced exercise capacity in 
T2DM was independent of diastolic function 
[89]. In summary, most studies do find a correla-
tion between diastolic dysfunction and decreased 
exercise capacity in T2DM.

Though diastolic dysfunction is certainly a car-
dinal feature of “diabetic cardiomyopathy”, some 
evidence is mounting that a subclinical depression 
of systolic function may also be present in some 
diabetic individuals. Despite maintaining categor-
ically “normal” systolic function, subjects with 
T2DM have been shown to have significantly 
lower cardiac ejection fractions as compared to 
nondiabetic subjects. Sasso et al. found subjects 
with well-controlled, recent onset T2DM (3.9-
year mean duration of diabetes) have lower ejec-
tion fractions both at rest (57% vs. 67%, p < 0.001) 
and during exercise (64% vs. 72%, P  <  0.001) 
than age-, gender-, and body mass index-matched 
control subjects [90]. Among the T2DM subjects, 
greater insulin sensitivity was correlated with 
higher rest and exercise ejection fractions 
(r = 0.59, p < 0.004 for rest, r = 0.58, p < 0.005 for 
exercise). Conversely, a study by Willemson et al. 
in subjects with overt congestive heart failure 
with or without diabetes found that despite similar 
systolic function, the subjects with diabetes had 
worse exercise capacity. They proposed that the 
differential impairment in exercise capacity in 
diabetes was a result of diastolic dysfunction 

which in turn correlated with levels of advanced 
glycation end products [91].

Although exercise training is generally 
accepted to improve diastolic function in popula-
tions without T2DM (reviewed in [86]), the litera-
ture is more conflicted in diabetic cardiomyopathy 
(reviewed in [92]). Several studies have now 
examined the impact of exercise training in diabe-
tes upon diastolic dysfunction with mixed results. 
In addition, comparison of these studies is diffi-
cult in light of the considerable methodological 
differences between them in exercise interven-
tion, assessment of diastolic function, and statisti-
cal analysis.

Two small studies found completely negative 
results for exercise benefits on diastolic function. 
Sacre et al. studied a 6-month exercise intervention 
(combined aerobic and resistance training for 
≥150 min moderate or ≥90 min vigorous intensity 
per week) versus standard care in 49 individuals 
with T2DM and diastolic dysfunction. They found 
improvement in exercise capacity but not in dia-
stolic function [93]. Similarly, another randomized 
controlled trial of 42 men with T2DM in which the 
intervention group underwent supervised training 
four times a week for 12 months found no change in 
diastolic function (myocardial diastolic tissue 
velocity) despite improved BP, VO2max, HbA1c, 
and strength [53]. Another very small study found 
no improvement at rest, but improved cardiac out-
put response to exercise suggesting that exercise 
may improve diastolic function response to stress, 
but not resting diastolic function [94].

In apparent contrast, Brassard et al. demonstrated 
normalization of diastolic dysfunction (E/A ratio) in 
5 of 11 subjects with well-controlled T2DM and 
varying degrees of diastolic dysfunction after a 
3-month aerobic exercise intervention [95]. A con-
trol group did not improve. Of note, the five subjects 
in whom diastolic function normalized were five of 
the six subjects with the mildest impairment in dia-
stolic function. The authors also do not present a 
comparison of pre- and post-intervention averages 
for the exercise group raising the question of whether 
this difference reached statistical significance. In the 
largest study, 223 patients with T2DM were ran-
domized to a usual care group versus a 3-year inter-
vention group that started with supervised exercise 
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and lifestyle and diet advice and then progressed to 
telephone-guided supervision [96]. Diastolic func-
tion was assessed at baseline and at 3 years, and dia-
stolic dysfunction was defined based on E/Em ratio 
and/or deceleration time. In the intention to treat 
analysis, the between-group difference in prevalence 
of diastolic dysfunction at the 3 years did not achieve 
statistical significance (60% for usual care vs. 48% 
in the intervention group, p = 0.10). However, in a 
subgroup analysis of only those subjects who com-
pleted the full 3-year study, a significantly increased 
OR for diastolic dysfunction was found only in the 
usual care group (OR 2.46, p = 0.034). Interestingly 
diastolic function did not correlate with exercise 
capacity. Similarly the ABCD study randomized 
100 patients with T2DM to a multi-intervention arm 
versus standard care and reported a neutral effect of 
the intervention on cardiac function, including dia-
stolic function [97]. Again, though there was no sta-
tistically significant difference, the data showed a 
trend to increased E/A ratio at 2 years in the inter-
vention group (p = 0.082). Finally, a recent study 
investigated high-intensity intermittent training 
(HIIT) in T2DM [98]. Twenty-eight subjects were 
randomized to 12 weeks of HIIT vs. standard care. 
This study found increased early diastolic filling (E) 
with stable late diastolic filling (A) suggesting 
improved E/A ratio though this data analysis is not 
provided. Another large RCT is currently underway 
in Australia that may shed more light on the contro-
versial effect of exercise training on diabetic dia-
stolic dysfunction [99]. However, results to date 
suggest that exercise may improve diastolic function 
in T2DM, particularly in those with mild impair-
ment, and that this benefit may be dependent on 
duration and intensity of exercise.

�Impairment of Exercise Performance 
in Diabetes Mellitus with Comorbid 
CHF Due to Systolic Cardiomyopathy

Congestive heart failure due to systolic cardiomy-
opathy has an estimated prevalence of 11.8% in 
T2DM [100]. Several studies have shown that 
diabetes in conjunction with systolic cardiomyopa-
thy (T2DM-CHF) leads to worse exercise perfor-
mance even when compared to subjects with CHF 

due to systolic cardiomyopathy alone. In 20 sub-
jects with tightly controlled T2DM (HbA1c <7%) 
and moderate CHF symptoms, peak exercise per-
formance yielded a VO2max nearly 20% less than 
nondiabetic age- and gender-matched subjects with 
moderate CHF (LVEF <40%) [101]. Multivariate 
linear regression further determined that the stron-
gest predictor of VO2max in the DM-CHF subjects 
was alveolar-capillary membrane conductance 
(which determines the diffusing capacity of the lung 
(DLCO) along with pulmonary capillary blood vol-
ume). The authors suggested that the T2DM-CHF 
subjects may have a pulmonary angiopathy which 
allows leakage across the alveolar-capillary mem-
brane as exercise raises the capillary pulmonary 
pressure. More on the pulmonary complications of 
diabetes is included in a later section of this chapter. 
Tibb et al. found a 30% reduction in VO2max in 78 
subjects with systolic cardiomyopathy (defined by 
LVEF <40%) and comorbid T2DM as compared 
with 78 similarly sedentary age- and gender-
matched controls (Fig.  18.1) [102]. Ingle et  al. 
showed that 6-min walking distances are impaired 
in subjects with T2DM-CHF as compared with age- 
and gender-matched nondiabetic CHF patients (238 
vs. 296 m, p = 0.005) [103]. In both the Tibb and 
Ingle studies, there was a higher prevalence of car-
diovascular disease (CVD) in the T2DM subjects, 
but the Ingle study performed a sub-analysis match-
ing only subjects with CVD, and the walking dis-
tance remained statistically impaired (231 vs. 
283 m, p = 0.001). Prevalence of angiotensin-con-
verting enzyme inhibitor, angiotensin-II receptor 
blocker, and beta-blocker usage between groups 
was analyzed in all three studies, and no differences 
were observed. In summary, subjects with T2DM 
and CHF from systolic cardiomyopathy have a 
greater exercise impairment than nondiabetic sub-
jects with systolic cardiomyopathy alone; however, 
the reasons for this difference are not fully 
understood.

Theoretically, insulin may improve exercise 
tolerance in DM-CHF subjects by increasing the 
ejection fraction. Insulin has been shown to 
have a direct inotropic effect on the myocar-
dium in animals [104] and to increase resting 
left ventricular ejection fraction in nondiabetic 
human subjects (54% vs. 47%, p < 0.01) [105]. 

18  Diabetes Mellitus and Exercise Physiology in the Presence of Diabetic Comorbidities



264

When an insulin-dextrose infusion was adminis-
tered to T2DM and nondiabetic subjects (both 
groups with preserved systolic function), the 
left ventricular ejection fraction rose both at 
baseline and with exercise in T2DM [90]. In the 
nondiabetic subjects given insulin-dextrose, the 
LVEF rose with exercise but not at baseline. The 
exact physiologic mechanisms whereby insulin 
is able to increase LVEF without provoking 
hypoglycemia are still uncertain.

One study has shown that insulin adminis-
tration may improve maximal exercise capacity 
in T2DM-CHF subjects by mechanisms other 
than increased LVEF.  Guazzi postulated that 
insulin administration may improve exercise 
capacity in T2DM-CHF subjects in part by 
ameliorating pulmonary angiopathy and there-
fore looked at the impact of insulin therapy on 
VO2max and alveolar-capillary membrane dif-
fusing capacity (DLCO) in T2DM-CHF subjects 
[106]. Using a parallel crossover design with 
subjects acting as their own controls, they 
found administration of insulin improved 
VO2max by 13.5% (p  <  0.01) and improved 
ventilatory efficiency (slope of ventilation/car-
bon dioxide production decreased by 18%, 
p < 0.01). Changes in both VO2max and venti-
latory efficiency after insulin administration 
correlated strongly with a better alveolar-

capillary membrane diffusing capacity 
(r  =  0.67, p  =  0.002 for VO2max and DLCO, 
r = −0.73, p < 0.001 for ventilatory efficiency 
and DLCO). These changes were present both 
1 h and 6 h after a 60-min insulin infusion but 
had resolved within 24 h after the insulin. The 
changes from insulin were not due to glycemic 
changes (dextrose counter-infusions main-
tained glucose homeostasis) or from a change 
in ejection fraction in these subjects. In sum-
mary, insulin therapy has been shown to 
improve exercise capacity in subjects with 
T2DM and CHF from systolic cardiomyopathy, 
at least in part by improving pulmonary angi-
opathy and seemingly without any changes in 
glycemic control or ejection fraction. However, 
it is unlikely that insulin would be utilized clin-
ically to increase exercise capacity alone, as the 
risk of hypoglycemia creates an unfavorable 
risk-benefit ratio.

Several of the studies discussed above regard-
ing effects of exercise on diastolic dysfunction 
also addressed systolic function and found no 
benefit of exercise for systolic dysfunction [93, 
94, 96, 97]. However, in the HIIT intervention 
study, both stroke volume and EF improved sig-
nificantly, suggesting that high-intensity exercise 
may also have the potential to improve systolic 
function [98].
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Fig. 18.1  Individual 
peak oxygen uptake 
(VO2peak) in diabetic 
(DM) and nondiabetic 
(N-DM) patients with 
chronic heart failure due 
to left ventricular 
systolic dysfunction. 
Mean VO2peak is 
significantly lower in 
DM than in N-DM 
patients (Reprinted from 
Tibb et al. [102], with 
permission from 
American College of 
Cardiology Foundation)
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�Macrovascular Disease

The incidence of CVD in subjects with diabetes 
mellitus (both type 1 and type 2) is two to three 
times increased over that of the general population 
[107, 108], and mortality following acute myocar-
dial infarction (MI) in individuals with diabetes is 
double than that of nondiabetic controls similar in 
age [109, 110]. Importantly, it has been shown that 
post-MI subjects with greater peak VO2max levels 
achieved through cardiac rehabilitation have lower 
cardiovascular mortality and morbidity [111, 112]. 
In addition, inadequate physical activity has been 
linked to increased mortality, largely through 
T2DM and CVD, in many epidemiological studies 
[113–116]. However, it has become clear that the 
development of macrovascular disease in T2DM is 
a nearly lifelong process, beginning well before 
the development of overt diabetes [117]. 
Furthermore, large-scale studies of interventions 
in diabetes have all been multitargeted, including 
combinations of diet, weight loss, glycemic con-
trol, and exercise. Thus, the exploration of specific 
effects of macrovascular disease on exercise per-
formance and of exercise interventions on macro-
vascular disease has been challenging. This section 
will first present a selection of specific studies and 
otherwise summarize the current view of the inter-
action between exercise physiology and active 
macrovascular disease in the context of diabetes. 
More detailed information in this area is available 
in several recent systematic reviews [108, 117, 
118]. The section will conclude with a discussion 
of two recent large RCTs of lifestyle intervention 
and their implications for the role of exercise in 
prevention of macrovascular disease. Current rec-
ommendations for exercise in macrovascular dis-
ease are summarized in Table 18.2.

�Impairment of Exercise Performance 
and Response to Exercise in Diabetes 
Mellitus with Comorbid CVD

In general studies of exercise capacity post MI, with 
or without cardiac rehabilitation (CR), have contin-
ued the trend of lower exercise capacity in diabetes 
compared to the population without diabetes 

although the results are somewhat mixed. In post-
MI populations without cardiac rehabilitation Izawa 
et al. found that the maximal exercise capacity was 
impaired in 30 post-MI T2DM subjects as opposed 
to 41 nondiabetic controls (22.6  mL/min/kg vs. 
26.1 mL/min/kg, p < 0.01) despite similar resting 
ejection fractions between groups [119]. However, 
another study found no difference in exercise capac-
ity without CR between 59 post-MI subjects with 
T2DM and 36 post-MI nondiabetic controls 
(20.2  mL/min/kg vs. 22.4  mL/min/kg, p  =  NS) 
[120]. Results in the first study implicated an 
impaired chronotropic response to exercise, possi-
bly due to beta-adrenergic desensitization [121] 
which correlated with impaired VO2max in post-MI 
subjects with diabetes as compared with the nondia-
betic post-MI controls. This chronotropic response 
to exercise has also been shown by Colucci et al. to 
inversely correspond to impaired VO2max in non-
diabetic subjects with systolic cardiomyopathy 
[121]. Apart from lowering VO2max, an inhibited 
chronotropic response has been shown elsewhere to 
predict cardiovascular events within a T2DM 
cohort [122]. In contrast, a study of 225 patients, 
most without diabetes, found the most significant 
predictor of impaired exercise capacity 1  month 
after MI was impaired diastolic function, suggest-
ing that mediators of impaired exercise function 
after MI may differ between diabetic and nondia-
betic populations [123].

Recent studies have also explored the ability of 
exercise to improve exercise capacity in CVD. Kim 
et  al. found lower VO2peak in 12 patients with 
T2DM than in 25 without both pre- and post-car-
diac rehabilitation, with neither group showing a 
significant improvement with CR [124]. A cohort 
of 59 T2DM subjects and 36 well-matched (includ-
ing for baseline exercise capacity) nondiabetic sub-
jects were followed after a CR program performed 
for indications of acute MI or unstable angina in 
the month prior to enrollment [120]. Both groups 
compliantly participated in a 2-month CR program 
consisting of three 1-h moderate exercise training 
sessions per week. The T2DM group did show 
improvement with the CR program, including an 
increased VO2max of 13% from study entry, but 
their improvement was drastically attenuated as 
compared with the nondiabetic subjects. Despite 
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Table 18.2  Considerations for activity limitation in diabetes with complications [47]

Nature of complication Level of complication Recommendations

CVD Asymptomatic Stress test not required
Start with low intensity and low volume 
and increase slowly

Angina/active ischemia Initiate through cardiac rehab program 
only after cardiac evaluation

PAD All levels Physical activity as tolerated is the 
primary nonsurgical treatment for PAD

Peripheral neuropathy No active lesions Moderate weight-bearing allowed
Recommend daily foot inspection

With active lesions Avoid weight-bearing activity
CAN High risk for cardiac dysfunction/CVD

If CAN suspected, recommendations 
are as above for CVD

DR No DR, mild-moderate 
nonproliferative diabetic retinopathy 
(NPDR)
Severe NPDR
or
Proliferative diabetic retinopathy

Activity dictated by other medical 
status

Recommend low-impact, cardiovascular 
conditioning (swimming, walking, 
low-impact aerobics, stationary cycling, 
other low-intensity endurance 
exercises). Avoid activities that 
substantially increase systolic blood 
pressure or intraocular pressure or 
involve active jarring, including 
Valsalva maneuvers and related 
activities (e.g., trumpet playing), 
boxing, heavy competitive sports, 
significant weight lifting, and pounding 
or jarring activities such as jogging, 
high-impact aerobics, racquet sports

Nephropathy Early (stage 1,2) No limitations. Exercise may delay 
progression

Overt to end stage Because of high risk of CVD, 
recommend physician exam and 
approval with consideration of stress 
test if concern for active disease or 
CAN
Once approved, start low volume and 
intensity and increase slowly
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no difference between groups VO2max at study 
entry, at completion of the study the nondiabetic 
subjects had a higher VO2max (28.8 vs. 22.6, 
P  <  0.001), peak workload (139  W vs. 120  W, 
p = 0.009), and longer duration of exercise (13.7 
vs. 11.8  min, p  –  0.017) than the subjects with 
T2DM. Linear regression was performed to deter-
mine predictors of change in VO2max in the T2DM 
group and showed the change in VO2max was 
independently associated with fasting blood glu-
cose (p = 0.001) These results have been supported 
by two other larger studies. One study of 370 sub-
jects with T2DM compared to 942 without who 
completed a 36 session CR. Both groups improved 
there exercise capacity, but the group with T2DM 
had lower exercise capacity at baseline and signifi-
cantly less improvement with CR [125]. A study of 
>7000 T2DM and >1500 non DM subjects found 
lower adherence to CR in the T2DM group, as well 
as a smaller increase in exercise capacity at 1-year 
post-CR [126]. The DARE study found that glyce-
mic control was an important predictor of improve-
ment in peak VO2 after CR [127]. In another study 
of exercise training in subjects with T2DM and 
known CVD with or without prior MI, an exercise 
intervention improved peak VO2 only in the sub-
group of patients without a prior MI suggesting 
that the extent of macrovascular disease may 
impact the ability of exercise to improve functional 
capacity [128]. Exercise rehabilitation has also 
been shown to improve mortality in post-MI 
patients by 20%, but benefits may be attenuated in 
T2DM subjects whose exercise training response 
appears inhibited [129, 130]. To our knowledge, no 
studies to date have compared mortality after CR in 
post-MI nondiabetic subjects vs. those with T2DM.

In summary, data now strongly suggest that dia-
betic subjects post-MI have an impaired maximal 
exercise capacity prior to CR as compared to simi-
lar nondiabetic post-MI individuals. Differences 
may be mediated by an impaired chronotropic 
response to exercise. Patients with T2DM appear 
to be less likely to participate in CR, but even in 
those who do, post-MI subjects with T2DM show 
less improvement in exercise capacity as compared 
to those without T2DM. Fasting glucose levels and 
overall glycemic control were the best predictors of 
improved exercise capacity after CR in T2DM 

post-MI subjects. In general, response to exercise 
interventions may have greater benefit in patients 
with earlier, milder macrovascular disease, i.e., 
before an actual ischemic event. More study is war-
ranted to determine the impact of exercise training 
on outcomes such as mortality and cardiovascular 
morbidity in subjects with T2DM and comorbid 
CVD.

�Impairment of Exercise Performance 
in Diabetes Mellitus with Comorbid 
Peripheral Arterial Disease (PAD)

T2DM is a strong risk factor for the development 
of PAD. Prevalence of PAD based on ankle-bra-
chial index in T2DM ranges from 15% to 30% 
[131, 132]. The cumulative incidence of PAD was 
11% over 18 years following T2DM diagnosis in 
the UK Prospective Diabetes Study (UKPDS) 
cohort [133]. In the UKPDS study, a multivariate 
model examined the relative contributions of dif-
ferent risks for PAD in this diabetic cohort, and the 
strongest predictors were cardiovascular disease 
and current smoking which both ascribed three-
fold odds of PAD.  Lesser but distinct risk was 
ascribed to worse glycemic control, higher systolic 
blood pressure, and lower high-density lipoprotein 
levels.

There are conflicting results in the small stud-
ies to date comparing exercise capacity in sub-
jects with PAD and comorbid T2DM to 
nondiabetic PAD subjects [134–137]. Oka et  al. 
found a decreased maximal walking distance 
(279 m vs. 461 m, p = 0.01) and decreased dis-
tance to onset of claudication (127 m vs. 187 m, 
p = 0.01) in patients with T2DM and PAD as com-
pared with PAD alone [137]. Both groups were 
well matched for ankle brachial index (ABI), cho-
lesterol, and systolic blood pressure levels and 
had similar prevalence of known CVD. Similarly, 
Dolan et  al. showed T2DM subjects with PAD 
had a shorter 6-min walking distance (1040 vs. 
1168 ft, p < 0.001) and slower walking velocity 
0.83 vs. 0.90 m/s, p < 0.001) despite age adjust-
ment between groups and similar baseline ABI 
and physical activity levels [134]. Unfortunately, 
there was a greater BMI in the subjects with 
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T2DM as compared to the subjects without in this 
study. A multivariate linear regression model in 
this study found DM-associated neuropathy, 
greater exertional leg symptomatology, and 
greater comorbid CVD to be predictive of the 
worsened exercise capacity in the T2DM group. 
However, in subjects with a comparable BMI, 
ABI, and blood pressure levels, Katzel et al. found 
no difference in either age-adjusted VO2max or 
onset of claudication time between 47 diabetic 
and 72 nondiabetic subjects with PAD (1.16  in 
diabetics vs. 1.12  L/min in nondiabetics) [136]. 
Green et al. furthered the concept of BMI as an 
explanatory variable of exercise performance 
[135]. In their study, there was a significant differ-
ence in maximal exercise time between 12 T2DM 
PAD subjects and 12 age- and gender-matched 
leaner nondiabetic PAD subjects, but no differ-
ence between maximal walking time between the 
12 T2DM PAD subjects and 7 nondiabetic sub-
jects matched for BMI (median 845  s T2DM, 
915 s “heavy” nondiabetics, 1448 s “leaner” non-
diabetics). No difference was found between the 
three groups for pain-free exercise time, maxi-
mum cycling time, or VO2max, although trends 
toward significance were seen in the latter two 
parameters for “leaner” nondiabetics vs. both 
T2DM and “heavy” nondiabetics. Maximal walk-
ing time was significantly negatively correlated 
with BMI (r = −0.38, p < 0.05) as well as with the 
VO2 time constant, tau (r = −0.49, p > 0.05). The 
time constant, tau, reflects the rapidity with which 
VO2 responds to exercise and was significantly 
worse in T2DM subjects as compared to both the 
“heavy” and “lean” nondiabetic groups (p < 0.05, 
71 s (T2DM) vs. 38 s (“heavy”) vs. 37 s (“lean”), 
respectively). The longer tau in T2DM and its 
inverse correlation with maximal walking time 
suggest the greater time for working muscles to 
receive steady-state oxygen distribution may 
decrease walking time in T2DM separately from 
BMI. A significant limitation of this study is the 
greater female distribution in the “heavy” control 
group as compared to both the T2DM and “lean” 
control groups, which may have lowered the exer-
cise capacity in the “heavy” control group. Thus, 
current limited evidence suggests a greater BMI 
and longer VO2 time constant, tau, may play a role 

in the impaired maximal exercise times for T2DM 
subjects with PAD found in some studies.

The optimal form of exercise for subjects with 
T2DM and symptomatic PAD is a supervised 
exercise rehabilitation program with therapeutic 
modality of walking to near-maximal claudica-
tion pain over 6 months [138, 139]. It has been 
recommended that subjects with PAD and comor-
bid conditions that limit weight-bearing exercise 
consider low-impact activities such as stationary 
bicycling or aquatic exercise, although improve-
ments in walking may be less [13, 140].

Data are lacking on the impact of exercise 
training on exercise capacity in subjects with dia-
betes and comorbid PAD; only limited subgroup 
analyses have been made to date. A systematic 
review and meta-analysis of exercise intervention 
studies in PAD identified 18 studies, 12 of which 
were confirmed to include subjects with diabetes 
(19–43%). Comparison of studies that included at 
least 25 % of subjects with diabetes to those that 
did not found greater improvements in maximum 
walking distance in the studies that did not, sug-
gesting that subjects with PAD and diabetes bene-
fited less than those without diabetes. Pain-free 
walking distance and 6-min walking distance were 
equally improved in both subsets of studies [141]. 
Sanderson et  al. studied 42 subjects with PAD, 
33% of whom had diabetes, and randomized the 
subjects (stratified for age, gender, and diabetes) to 
6 weeks of treadmill exercise training at 80% of 
subject’s VO2max (n  =  13), 6  weeks of bicycle 
exercise training at 80% of subject’s VO2max 
(n  = 15), or no-exercise therapy [140]. Both the 
treadmill exercise training and cycling training 
regimens improved VO2max in this study. A sub-
group analysis showed more severe pain in the 
symptomatic limb was the only baseline character-
istic to differentiate “exercise responders” who 
increased their mean cycling or walking times 
from the entire sample; therefore, diabetes did not 
appear to play a role in the likelihood of a subject 
to respond. Ekroth et  al. showed a mean 234% 
improved walking distance after 4–6  months of 
training in PAD subjects that was independent of 
the presence of diabetes [142]. Gardner et al. per-
formed two studies with subjects with intermittent 
claudication. In one with 43% of subjects with 

I.E. Schauer et al.



269

T2DM, maximum walking time and VO2peak 
were improved with either a supervised interven-
tion or a home-based exercise program compared 
to usual care [143]. A later larger study from the 
same group (23% T2DM) compared usual care 
with a supervised exercise program and again 
found improved maximum walking time and 
VO2peak within 2  months of intervention [144]. 
McDermott et al. similarly performed two studies. 
In the first, 156 subjects with PAD (~43% T2DM) 
were randomized to usual care versus supervised 
treadmill exercise versus lower extremity resis-
tance training. VO2peak was not reported, but 
maximum walking time improved with both inter-
ventions (more with the treadmill intervention), 
and 6-min walking distance improved with the 
treadmill intervention, but not with the resistance 
training [145]. In the second study from this group, 
194 PAD patients (32% T2DM) were randomized 
to a home-based behavioral walking intervention 
versus an attention control condition. VO2peak 
was again not reported, but the walking interven-
tion significantly improved 6-min walking time 
and maximum walking distance, including in the 
subgroup with T2DM [146].

Beyond these subgroup analyses, we are not 
aware of any studies designed to differentiate the 
response to exercise training in subjects with 
PAD and comorbid DM as compared to nondia-
betic PAD controls. In summary it appears that 
exercise does improve PAD in T2DM, but defini-
tive studies in T2DM alone are lacking.

�The Role of Exercise in Prevention 
of Cardiovascular Outcomes

Many observational studies have linked increased 
habitual physical activity with improved cardio-
vascular outcomes in diabetes. Because of the 
extensive confounding of these observational 
studies by other uncontrolled variables, they will 
not be discussed here. This section will focus on 
the few interventional studies that have explored 
the effect of exercise-inclusive lifestyle interven-
tions on hard clinical CVD outcomes.

Two large long-term multicenter randomized 
controlled trials have explored the utility of a life-

style intervention that includes exercise in the 
prevention of CVD, the Chinese Da Qing study 
and Look AHEAD and found interestingly con-
trasting results. Da Qing enrolled 577 adults with 
impaired fasting glucose, but not diabetes, and 
randomized them to a control group versus one of 
three 6-year intervention groups: diet, exercise, or 
both. After 23 years of follow-up, the intervention 
groups combined had reduced CVD mortality (HR 
0.59, 95%CI 0.36–0.96, p −  0.033), as well as 
decreased incident diabetes (HR 0.55, 95%CI 
0.40–0.76, p = 0.001) [147]. A subgroup analysis 
demonstrated that the majority of the deaths that 
occurred were in individuals who subsequently 
developed diabetes [148]. Unfortunately the study 
was not large enough to allow separate analyses of 
the three intervention groups, and it remains 
impossible to say whether exercise was a key 
intervention component in the CVD mortality 
reduction.

In contrast the Look AHEAD study recruited 
over 5000 overweight or obese patients with 
T2DM to a participate in a randomized controlled 
study of an intervention with the primary goal of 
weight loss [149]. The primary outcome was a 
composite cardiovascular outcome including 
death from cardiovascular cause, nonfatal MI or 
stroke, and angina-related hospitalization. The 
intervention included caloric restriction and non-
supervised increased physical activity compared 
to a control group that received diabetes support 
and education. The study was intended to con-
tinue for 13.5  years but was stopped early at 
9.6 years for futility as the event rate in the con-
trol group was much lower than anticipated and 
there was virtually no signal for a difference in 
the intervention group. It is, however, a gross 
overinterpretation of the study to say that exer-
cise does not provide CVD benefit in T2DM for 
several reasons: (1) It does not appear that physi-
cal activity was monitored in the intervention 
group; (2) in fact, exercise capacity was mea-
sured only in the first 4 years. Exercise capacity 
increased markedly over the first year but then 
declined to nearly the level of the control group 
by year 4 raising the likelihood that compliance 
with the increased physical activity advice was 
poor; (3) weight, waist circumference, and 
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HbA1c all rebounded dramatically after the first 
year again suggesting poor compliance with the 
overall intervention; and (4) despite this there is a 
strong trend to benefit in the subgroup of indi-
viduals who did not have CVD at baseline (HR 
0.86, 95% CI 0.72–1.02) [150].

In addition one smaller study combined an 
observational component with an exercise inter-
vention in a subgroup of the observational cohort 
[151]. The study recruited 539 CVD patients 
with T2DM and 507 without T2DM.  All com-
pleted a validated questionnaire to measure 
leisure-time physical activity (LTPA). Of these 
143 and 148, respectively, were willing and 
appropriate for inclusion in a 2-year exercise 
intervention. The observational analysis con-
firmed the benefits of higher LTPA in decreasing 
CVD events with and without T2DM, with the 
groups that reported <thrice-weekly LTPA hav-
ing at least a twofold increase in CVD events 
over the 2-year follow-up compared to the group 
that reported LTPA at least three times a week. 
This difference persisted after adjusting for par-
ticipation in the exercise intervention. In contrast 
the 2-year exercise intervention had no effect on 
CVD event rates over the 2 years.

In summary these two large studies, as well 
several smaller studies described above, suggest 
that failure of exercise to provide CVD benefit 
may be a case of “too little, too late” in diabetes 
where macrovascular damage may already be 
quite advanced by the time of diagnosis. Studies 
and subgroup analyses in earlier prediabetes, 
those with T2DM but no evidence of CVD, and 
those that explore longer-term physical activity 
habits do show, or at least hint at, reduction in 
macrovascular disease with exercise.

�Cardiac Autonomic Dysfunction

Cardiac autonomic neuropathy (CAN) may be a 
specific neuropathy and therefore could be con-
sidered together with microvascular neuropa-
thies. However, in light of evidence for a 
significant role of CAN in exercise intolerance, 
diabetic cardiomyopathy, and CVD risk, it is 
briefly discussed separately in this section. Two 

separate aspects of CAN may have significant 
roles in T2DM: (1) impaired resting cardiac sym-
pathetic/parasympathetic balance and (2) 
impaired chronotropic response to exercise. Both 
appear to be associated with CVD risk, have been 
linked to cardiac maladaptation to exercise, and 
are improved with exercise.

Reduced heart rate variability (HRV), the sim-
plest and most commonly used measure of CAN, 
has repeatedly been shown to correlate with CVD 
risk in T2DM [152–156]. In addition, the DIAD 
study found that CAN was one of the indepen-
dent predictors of silent ischemia in T2DM [157]. 
More detailed analysis of HRV includes the iso-
lation of high-frequency (HF) variation reflective 
of parasympathetic/vagal input. Decline in para-
sympathetic/vagal input and/or increase in sym-
pathetic input at rest is thought to contribute to 
the increased CVD risk associated with CAN. The 
other significant measure of CAN is the response 
of cardiac autonomic modulation or chronotropic 
response to stress, usually exercise. This is typi-
cally measured as the increase in heart rate with 
exercise [158] and reflects the desirable increase 
in sympathetic and decrease in parasympathetic 
stimulation with stress, usually exercise. 
Impairment in this response, known as chrono-
tropic incompetence (CI), is another measure of 
CAN that has also been associated with poor 
CVD prognosis [158].

No studies have directly addressed the rela-
tionship between CAN and reduced exercise 
capacity in diabetes. However, a few studies have 
linked CAN to other measures that may impact 
exercise tolerance and exercise capacity. A recent 
study recruited 83 patients with T2DM without 
CVD and performed sophisticated “state-of-the-
art” measures of autonomic function, as well as 
82Rb-PET/CT and 123I-MIBG measurement of 
cardiac perfusion and sympathetic responsive-
ness thereof [159]. Eleven percent met ADA cri-
teria for CAN, but nearly half of the patients had 
at least one measure consistent with some degree 
of CAN. In the full cohort, multiple measures of 
CAN correlated significantly with impaired car-
diac flow reserve. Although exercise tolerance 
was not tested in this study, it is likely that this 
impairment in increased blood flow with sympa-
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thetic activation, as well as the CI described 
above would contribute to increased perceived 
exertion and hence exercise intolerance in 
T2DM. CAN has also been correlated with dia-
stolic dysfunction [160]. As described above, 
diastolic dysfunction may also contribute to 
decreased exercise capacity in T2DM.  In fact, 
Baldi argues that CAN is a major contributor to 
the diabetic cardiac dysfunction described earlier 
and implicated in impaired exercise capacity in 
diabetes [64].

The literature on response of CAN to exercise 
in T2DM is limited, complicated by the multiple 
measures used to assess CAN, and mixed in 
results. Multiple studies (reviewed in [161]) have 
found improved cardiac autonomic function with 
exercise in individuals without CAN at baseline. 
However, few studies have looked at effects in 
individuals with CAN at baseline. One small 
study in T1DM demonstrated improved HRV 
after a 12-week supervised intervention in early 
CAN but no change in severe CAN [162]. A sim-
ilar study in T2DM of a 6-month supervised 
exercise intervention found improved HRV with 
increased HF variation indicating increased para-
sympathetic tone [163]. In contrast, Sacre et al. 
randomized 49 subjects with T2DM to a 6-month 
exercise intervention versus usual care and found 
no changes in CAN despite improved VO2peak 
and lowered resting heart rate [93].

The response of CI to exercise has been dem-
onstrated in CHF and CVD but has not been stud-
ied directly in diabetes. One study found an 
increase in peak HR with a walking intervention 
in T2DM suggesting that exercise may improve 
CI in T2DM as well [164]. Another study used 
glucose ingestion as a metabolic stress that also 
stimulates cardiac sympathetic tone in a manner 
similar to exercise [165]. Fifty-nine obese sub-
jects (23 with T2DM, 36 without) were recruited 
to this observational study of a 16-week 
moderate-intensity aerobic exercise program. 
Multiple measures of cardiac autonomic modula-
tion including HRV, blood pressure variability, 
and baroreflex sensitivity were performed before 
and after glucose ingestion and before and after 
the intervention. These demonstrated increased 
sympathetic cardiac modulation and decreased 

vagal modulation with glucose ingestion after the 
intervention, indirectly suggesting that the exer-
cise intervention improved CI.

A recent study explored the impact of an exer-
cise intervention on a new index of CAN, heart 
rate recovery [166]. In this study 42 subjects with 
T2DM and abnormal heart rate recovery (about a 
third of the screened subjects with T2DM) were 
randomized to usual care versus an intervention 
that combined resistance and moderate-intensity 
aerobic training for 12 weeks. The intervention 
group was found to have significantly lower rest-
ing heart rate and greater improvement in heart 
rate recovery than the control group.

In summary, CAN likely plays a significant role 
in the cardiac dysfunction in diabetes and hence in 
the decreased exercise capacity in diabetes. A 
beneficial role of exercise is supported by limited 
studies, but more studies are needed addressing 
direct effects of exercise on CAN.

�Microvascular Disease

�Impaired Exercise Capacity 
from Microvascular Complications 
in Diabetes Mellitus

Microvascular complications of T2DM include 
nephropathy, neuropathy, and retinopathy, and all 
of these have an increasing incidence with greater 
duration of T2DM. The prevalence of nephropa-
thy and retinopathy in T2DM have been reported 
to range from 7% to 30% [167] and from 3% to 
27% [168], respectively. Given their occurrence 
later in the course of diabetes, microvascular 
complications are present at a more advanced 
stage of diabetic pathophysiology. As such, it is 
reasonable to consider they may be explicitly 
associated with increased exercise impairment 
but also present simultaneously with other abnor-
malities that impair exercise capacity (e.g., 
nephropathy in the form of microalbuminuria has 
been linked with the presence of diastolic dys-
function [169]). This section will review the evi-
dence in the literature that microvascular 
complications are correlated with exercise 
impairment and that exercise can improve or 
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slow progression of many of these complications 
and review current guidelines for exercising with 
complications (Table 18.2).

�Diabetic Nephropathy Decreases 
Exercise Capacity

Diabetic nephropathy has been shown to 
adversely affect exercise capacity in both T1DM 
and T2DM subjects. Jensen et  al. found a 
25–30% reduction in maximal exercise capacity 
when comparing normoalbuminuric T1DM sub-
jects and T1DM subjects with either microalbu-
minuria (30–300 mg/day) or macroalbuminuria 
(>300 mg/day) [170]. In an earlier non-exercise-
related study by this group, resting left ventricu-
lar function was also found to be impaired in 
T1DM subjects with microalbuminuria and mac-
roalbuminuria as evidenced by greater left ven-
tricular end-diastolic volume (p  <  0.05), lower 
stroke volumes (p  <  0.05), and a trend toward 
decreased cardiac output (p = 0.10 for macroal-
buminuric subjects and p < 0.05 for microalbu-
minuric subjects) [171]. More recently, Bjornstad 
et  al. demonstrated decreased VO2peak in ado-
lescents with T1DM relative to controls [172]. 
These adolescents exhibited only the presumed 
earliest sign of renal disease, hyperfiltration, 
with an elevated eGFR relative to controls. Peak 
VO2 was strongly inversely correlated with 
eGFR (the degree of hyperfiltration), but not 
with HbA1c, LDL, insulin resistance, or blood 
pressure.

In T2DM, the Strong Heart Study showed a 
correlation between the severity of microalbu-
minuria and the degree of diastolic dysfunction 
[169]. Lau et al. also showed a decrement in max-
imal exercise capacity in T2DM subjects with 
microalbuminuria (30–300 mg/day of microalbu-
min) as compared with normoalbuminuric T2DM 
subjects (p = 0.015) and nondiabetic control sub-
jects (p < 0.001) [173]. The authors hypothesized 
pulmonary microangiopathy and diastolic dys-
function may partially explain this exercise dec-
rement, as their subjects had worsened gas 
exchange with exercise (p  =  0.019 for group 
trend between control, T2DM, and T2DM with 

nephropathy for minute ventilation/carbon diox-
ide production) and a greater frequency of dia-
stolic dysfunction that normoalbuminuric T2DM 
subjects (p = 0.013). Thus, diabetic nephropathy 
was clearly correlated with exercise impairment 
[170], and comorbid diastolic dysfunction [169, 
171, 173] as well as pulmonary angiopathy [173] 
may partially explain this impairment.

Other studies that were not limited to subjects 
with diabetes have further strengthened the asso-
ciation of chronic kidney disease with impaired 
exercise performance, including in diabetes. One 
study of 136 patients with moderate chronic kid-
ney disease (eGFR 40 ± 9, 38% with diabetes) 
found markedly impaired peak VO2 and heart 
rate response that were more prevalent in the 
diabetes subgroup and were independently asso-
ciated with aortic stiffness, impaired left ven-
tricular function, and increased left ventricular 
afterload [174]. Another study of 39 CKD 
patients (11 with diabetes) found a nonsignifi-
cant (p  =  0.099) reduction in VO2max in the 
group with diabetes compared to those without 
[175]. They also demonstrated that VO2max was 
independently inversely related to hsCRP levels 
independent of diabetes status, implicating 
inflammation as a contributory mechanism in 
CKD-associated exercise impairment.

�Effects of End-Stage Renal Disease 
on Exercise Performance in T2DM

End-stage renal disease (ESRD) from T2DM has 
been shown to occur in only 0.8% of a cohort of 
T2DM patients followed for 10 years; however, 
incidence does continue to increase with time. 
Accordingly, diabetic nephropathy was the single 
most common cause of new-onset ESRD in the 
United States in 2002 (45% of incident dialysis 
patients). Given the multiple comorbidities asso-
ciated with ESRD [176], it is understandable that 
it would correspond to even greater decreased 
exercise capacity than non-ESRD nephropathy. In 
both diabetic and nondiabetic subjects with ESRD 
on dialysis, maximal exercise capacity has been 
shown to be about 60% that of age-matched con-
trol subjects [177, 178]. Moderate anemia (hema-
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tocrit <30%) has been shown to lower VO2max, 
and is improved with erythropoietin administra-
tion [179]. However, other factors which depress 
exercise capacity are felt to be numerous and have 
not yet been specified [178, 180]. More intensive 
hemodialysis sessions (five to six nocturnal ses-
sions/week lasting 6–8 h per session) led to sig-
nificant improvements in VO2max 3–6  months 
after the transition from thrice-weekly conven-
tional hemodialysis [181]. Also, 1  month after 
renal transplant, VO2max showed improvement to 
nearly that expected for sedentary age-matched 
subjects [180, 182]. These improvements in 
VO2max either from more intensive hemodialysis 
or after renal transplant occurred despite the 
absence of any exercise training or significant 
improvements in anemia in these studies [180–
182]. Such findings further suggest that as yet 
undefined factors related to ESRD significantly 
depress exercise capacity in both diabetic and 
nondiabetic subjects with ESRD.

�Benefits of Exercise Training 
in Chronic Renal Disease

Exercise training-specific studies have not been 
done in the population with diabetes and comor-
bid renal failure. However, extensive literature 
exists on the benefits and safety of exercise train-
ing in the renal failure population independent of 
diabetes status. Since diabetes is well repre-
sented in this population, these studies are likely 
to be relevant to diabetes-related renal disease, 
and a few will be briefly discussed here. Watson 
et al. implemented a progressive resistance train-
ing program in CKD stage 3b/4 patients [183]. 
The intervention was safe and well tolerated and 
resulted in improved strength and endurance 
walking time. However, they note that this out-
patient program was offered to over 400 patients 
and accepted by only 38 (15% with diabetes vs. 
27% in the age- and BMI-matched control 
group), suggesting that this type of outpatient 
supervised strategy, while beneficial, is impracti-
cal, perhaps especially in the diabetes popula-
tion. In a randomized, controlled trial of 
16  weeks of aerobic exercise training in 25 

patients with stage 3 CKD (40% diabetes), aero-
bic capacity, endothelin 1 levels, and QOL mea-
sures, but not aortic stiffness, were significantly 
improved [184]. No diabetes subgroup analyses 
were reported. Another small study randomized 
20 stage 3/4 CKD patients to standard care ver-
sus 12 months of supervised resistance and aero-
bic training [185]. Unfortunately none of the 
intervention group had diabetic nephropathy, 
and the small study was confounded by signifi-
cant between-group differences. However, the 
intervention group showed promising results 
with improved eGFR, PWV, VO2peak, and waist 
circumference (versus worsening in the control 
group). The Look AHEAD study in T2DM had 
weight loss as its primary goal, but the interven-
tion did include exercise. The rate of incident 
CKD in this large study population was signifi-
cantly decreased in the intervention group (by 
31%), and multivariate analysis implicated 
reductions in weight, A1c, and BP as significant 
mediators [149]. More studies in the diabetic 
CKD population are clearly needed given the 
debilitating effects of renal disease on functional 
capacity and the encouraging results from small 
intervention studies in the nondiabetic CKD 
population.

�Limited Data on Exercise Capacity 
Association with Retinopathy or 
Neuropathy

Diabetic retinopathy has also been associated 
with reductions in exercise capacity in T2DM 
subjects. Despite adjusting for known predictors 
of exercise capacity such as age and duration of 
diabetes in a regression analysis, the VO2max in 
ABCD trial subjects with T2DM was indepen-
dently reduced by the presence of diabetic 
nephropathy (p  =  0.04) and retinopathy 
(p = 0.026) [186]. Other studies have not explic-
itly looked at the relationship between diabetic 
retinopathy and exercise capacity or the causes 
of this abnormality. To our knowledge, no stud-
ies have explored any potential associations 
between diabetic neuropathy and exercise 
capacity.
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�Hazards of Exercise Training 
with Diabetic Microvascular 
Complications

Although exercise training is highly beneficial to 
most participants, the presence of microvascular 
complications raises some safety considerations. 
Diabetic retinopathy may lead to adverse out-
comes with vigorous exercise. Diabetic subjects 
with active proliferative diabetic retinopathy 
(PDR) are at higher risk for vitreous hemorrhage 
or retinal detachment [187]. Subjects with PDR 
or moderate to severe nonproliferative retinopa-
thy are recommended to avoid strenuous exer-
cise, Valsalva maneuvers, and jarring activities 
per the most recent ADA position statements 
(Table 18.2) [188, 189]. No studies have looked 
specifically at the impact of exercise training on 
the remediation of retinopathy in humans.

Recent ADA position statements on diabetes 
and exercise have relaxed the recommended 
limitations on exercise for peripheral neuropa-
thy. Current recommendations refer to the 
increased risk of skin breakdown and infection 
with peripheral neuropathy and recommend 
proper footwear and daily examination of the 
feet for lesions with weight-bearing exercise. 
However, the recommendation to avoid weight-
bearing exercise has now been limited to indi-
viduals with foot injuries or open sores [188, 
189]. The ADA suggests nonweight-bearing 
exercises such as swimming, bicycling, or row-
ing for these patients. This relaxation of exer-
cise limitation for peripheral neuropathy was 
driven by recent studies demonstrating toler-
ance and safety of exercise interventions in 
peripheral neuropathy. In some cases, these 
studies also found improvement in neuropathy 
or in side effects of neuropathy (e.g., balance 
and gait issues) with the exercise interventions 
(reviewed in [190–192]). Streckman et al. per-
formed a systemic review and identified 11 
studies of exercise interventions in diabetic neu-
ropathy [192]. Of these nine demonstrated 
improvement in side effects of neuropathy or 
neuropathy itself, while one did not (one did not 
report on intergroup differences). One study 
compared a weight-bearing intervention to a 

nonweight-bearing intervention and found no 
difference in the number of foot lesions occur-
ring during the intervention [193]. A larger 
Italian study [194] randomized 78 diabetic par-
ticipants without peripheral neuropathy to usual 
care versus 4  h/week of observed treadmill 
walking addressing a role in prevention of neu-
ropathy. Treadmill walkers improved vibration 
detection and nerve conduction indices and 
were significantly less likely to develop neurop-
athy over the 4 years of the study. Most signifi-
cantly, a 2012 study using a 10-week aerobic 
exercise plus strength training intervention in 
individuals with T2DM and peripheral neuropa-
thy demonstrated improvement in maximum 
pain, overall symptom score, and intraepidermal 
nerve fiber branching [195]. No foot ulcerations, 
delayed healing of biopsy sites, or infections 
were noted during the study.

ADA guidelines for exercise with autonomic 
neuropathy note that autonomic neuropathy can 
increase the risk for exercise-induced injury and 
recommend that all individuals with autonomic 
neuropathy undergo cardiac investigation before 
beginning more-intense-than-usual physical 
activity [188, 189].

Some experts have discouraged strenuous 
physical activity in subjects with diabetic nephrop-
athy given the propensity for exaggerated blood 
pressure elevations with high-intensity exercise 
and proteinuria [196–200] associated with acute 
exercise-induced blood pressure excursions [187]. 
Results have been mixed on whether microalbu-
minuria increases to a significant degree in sub-
jects without baseline nephropathy [200–202]. 
However, the most recent ADA guidelines state 
that there is no evidence that vigorous intensity 
exercise increases the rate of progression of dia-
betic kidney disease and place no specific exercise 
restrictions on this population. In fact, a prior rec-
ommendation of exercise stress testing prior to an 
aerobic exercise program in previously sedentary 
individuals with diabetic kidney disease given 
their significant prevalence of CVD has been 
removed. The recommendations now simply state 
that high-risk (including individuals with signifi-
cant nephropathy), previously sedentary individu-
als should be encouraged to start with short periods 
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of low-intensity exercise and slowly increase fre-
quency and intensity [47, 188, 189].

Separate from safety considerations, high-
intensity exercise may be precluded by pain or 
early fatigue from comorbid diabetic neuropathy 
[203, 204], musculoskeletal pain/osteoarthritis 
[205–207], renal osteodystrophy [208], or myop-
athy [208] and generally in subjects with end-
stage renal disease [208, 209].

�Pulmonary Function

Considerable evidence now exists that T2DM is 
also accompanied by impaired pulmonary func-
tion which may also play a role in exercise 
impairment. Similar evidence exists in T1DM, 
but this discussion will focus on T2DM. While 
past studies measuring pulmonary function tests 
in diabetes had yielded somewhat mixed results 
(reviewed in [210]), more recent studies have 
consistently demonstrated restrictive lung dis-
ease in diabetes relative to controls, while others 
have suggested additional obstructive and alveo-
lar defects. In one cross-sectional study of pul-
monary center patients with pulmonary function 
tests (PFTs) and no specific pulmonary diagno-
sis, patients with T2DM (n = 560) had decreased 
FVC, FEV1, and DLCO (p < 0.0001) compared 
to those without diabetes (n = 3604) after adjust-
ment for age, sex, race, height, BMI, smoking, 
and heart failure [211, 212]. Similarly, a retro-
spective analysis of 62 diabetic and 27 obese 
nondiabetic patients admitted to an endocrinol-
ogy service who also underwent pulmonary 
function testing found that FVC, FEV1, DLCO, 
and multiple other measures of pulmonary vol-
ume and function were significantly lower in the 
patients with T2DM compared to the obese non-
diabetic group [213]. Furthermore, Kinney et al. 
studied a population of smokers with or without 
COPD and with and without T2DM. They found 
that across COPD stages, those with T2D had 
reduced FEV1 and FVC, as well as reduced 
6 min walk and quality of life [214].

While these studies were admittedly con-
founded by apparent existing pulmonary issues 
(known smoking and/or COPD or some clinical 

indication for PFTs), other studies have mea-
sured PFTs either prospectively or as routine 
health care and found similar results. For instance, 
in a large Korean study after exclusion of all indi-
viduals with known pulmonary or neuromuscular 
disease or heart failure, over 35,000 adults who 
had PFTs as part of their routine health care were 
studied [215]. The prevalence of restrictive lung 
disease was more than doubled in those with 
T2DM compared to those with normal fasting 
glucose (18% vs. 8%). Obstructive ventilatory 
dysfunction was less prevalent overall but was 
also increased in T2DM.  Multivariate analyses 
implicated insulin resistance (HOMA-IR, fasting 
insulin, and triglycerides) in the increased restric-
tive lung disease, while the obstructive lung dis-
ease appeared to be largely related to age blood 
pressure, and to glycemic control in the T2DM 
population. Similarly, the Berlin Aging Study II 
(BASE II) of about 700 individuals with ade-
quately performed PFTs found the FEV1 and 
FVC were decreased in the T2DM population 
[216]. However, in contrast to the Korean study, 
restrictive lung disease in this study was largely 
related to central adiposity and muscle mass. 
Finally, several smaller but controlled and 
population-matched studies have found similar 
results linking T2DM to restrictive lung pathol-
ogy, apparently independent of obesity. For 
instance, Aparna (2013) compared 40 subjects 
with T2DM to 40 age-, sex-, and BMI-matched 
controls and found that FVC, FEV1, and peak 
expiratory flow rate were significantly decreased 
in the subjects with T2DM [217]. FEV1/FVC% 
was significantly increased, again consistent with 
a primarily restrictive defect in T2DM.  Shah 
et al. similarly studied 60 adult males with T2DM 
versus 60 obese adult males without T2DM and 
found decreased FEV1 and FVC, but no differ-
ence in FEV1/FVC [218]. In this study, the pul-
monary measures showed no correlation with 
HbA1c or duration of T2DM.

Several studies demonstrating pulmonary 
defects in T2DM have further explored associa-
tions to shed light on causation. Overall these 
studies have suggested that the restrictive pulmo-
nary disease component is independent of glyce-
mic control, consistent with the Shah study above 
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[219, 220]. In addition, a review of pulmonary 
disease in metabolic syndrome [219] presents 
data from several studies demonstrating restric-
tive lung disease associated with all components 
of met abolic syndrome and concluding that insu-
lin resistance, and not hyperglycemia, is the 
underlying mechanism. A 2013 study in India 
supported and added to this conclusion [220]. In 
this cross-sectional study of 30 T2DM patients 
and 30 age-, weight-, and sex-matched nondia-
betic subjects, FVC, FEV1, PEFR, PIF, FIVC, 
TLC, DLCO, and DLCO/VA were significantly 
reduced in patients with T2DM.  Within the 
T2DM population, DLCO and DLCO/VA (but 
not FVC and FEV1) were reduced in the subpop-
ulation with HbA1c >7. They conclude that 
T2DM, independent of glycemic control, is asso-
ciated with a restrictive pulmonary abnormality, 
while poor glycemic control then contributes an 
additional alveolar diffusion defect. This is con-
sistent with other studies implicating microvas-
cular disease in the alveolar diffusion defects in 
T2DM [213, 221]. However, other studies have 
also shown a correlation of the restrictive lung 
disease with other complications of diabetes typi-
cally associated with poor glycemic control, 
including nephropathy [222] and CAN [223]. 
Shafiee et al. demonstrated a worsening of restric-
tive pulmonary disease across three subgroups of 
T2DM patient with increasing evidence of 
nephropathy (no nephropathy vs. microalbumin-
uria vs. macroalbuminuria) [222]. Similarly in a 
study in adolescents with T1DM, restrictive pul-
monary disease was found only in those with 
CAN [223]. In contrast, Kaminski et al. studied 
pulmonary disease in T2DM adults with and 
without CAN and found that PFTs and max expi-
ratory pressure were similar, but inspiratory pres-
sure (reflecting respiratory muscle strength) was 
decreased in subjects with CAN and correlated 
negatively with resting HR as a measure of sym-
pathetic/parasympathetic ratio in CAN [224].

Overall, these studies suggest that several 
forms of pulmonary disease are prevalent in 
T2DM as complications/comorbidities of 
T2DM. These include (1) a prominent restrictive 
component that is likely at least in part related to 
insulin resistance and independent of glycemic 

control, (2) an alveolar diffusion defect that is 
likely an example of diabetic microvascular dis-
ease with a large contribution from hyperglyce-
mia, and (3) lesser contributions from inspiratory 
muscle weakness and possibly obstructive pul-
monary disease that are less well studied in 
T2DM.

�Effects of Pulmonary Disease 
on Exercise Performance in T2DM

The effects of T2DM pulmonary disease on exer-
cise performance and of exercise training on 
T2DM pulmonary disease have not been well 
studied. However, limited studies suggest that 
restrictive pulmonary disease does contribute to 
decreased exercise capacity in T2DM and that 
some forms of exercise training may improve 
restrictive pulmonary disease. Kitahara et  al. 
measured exercise capacity and pulmonary func-
tion in 31 male patients with uncomplicated 
T2DM and no evidence of cardiopulmonary dis-
ease (including no frankly abnormal PFTs). They 
found that the percentage of predicted maximal 
oxygen uptake (%VO2max) correlated signifi-
cantly with percentage of predicted FEV1 
(%FEV1) and that a mild reduction in %FEV1 
was associated with measurably impaired exer-
cise capacity [225]. Conversely, very limited 
studies have suggested that exercise training may 
improve pulmonary function. Inspiratory muscle 
training has been shown to dramatically improve 
(>2×) max inspiratory pressure [226]. However, 
this training failed to have any effect on PFTs or 
on functional exercise capacity (peak VO2).

In contrast, arm swing exercise in T2DM did 
improve FVC, FEV1, and maximal voluntary 
ventilation, as well as HbA1c, a low-density lipo-
protein, malondialdehyde, oxidized glutathione, 
and the percent body fat [227]. However, overall 
exercise capacity was not tested in this study.

In summary, there is strong evidence for multi-
ple forms of pulmonary disease in both T1DM and 
T2DM, complications that are not widely recog-
nized in diabetes. Relatively limited evidence sug-
gests that pulmonary complications may contribute 
to the exercise defects in diabetes. Very limited 
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evidence exists to support benefits of exercise in 
specifically treating pulmonary complications of 
diabetes. Further studies are needed to explore 
methods and benefits of specifically targeting treat-
ment of pulmonary disease in diabetes.

�Special Cases

�Exercise Impairment with Diabetes 
Mellitus and Atrial Fibrillation

Subjects with T2DM have been shown to develop 
atrial fibrillation more often than nondiabetics 
[228, 229]. The prevalence of comorbid diabetes 
was recently found to be 23% in a trial of elderly 
subjects with atrial fibrillation [230]. 
Physiologically, these two diseases may be linked 
as cardiovascular abnormalities predict the devel-
opment of atrial fibrillation [228] and diabetes 
confers a significant risk of cardiovascular mor-
bidity [231–233].

One small trial compared the VO2max before 
and after direct current cardioversion to establish 
sinus rhythm in subjects with atrial fibrillation 
without comorbidity (“lone atrial fibrillation”), 
atrial fibrillation and hypertension, or atrial fibrilla-
tion and diabetes [234]. This study found no 
improvement in VO2max or subject-measured 
effort of exercise (Borg scale) in subjects with dia-
betes and atrial fibrillation after cardioversion, 
despite an improvement in VO2max and subject-
measured effort of exercise in lone atrial fibrillation 
and, to a lesser degree, in subjects with hyperten-
sion and atrial fibrillation. The authors theorized 
the lack of improvement in diabetes and atrial 
fibrillation corresponded to the lack of improved 
endothelial function, as this had improved in both 
the hypertensive and lone atrial fibrillation groups.

�Exercise and Fatty Liver in Type 2 
Diabetes

A recent analysis was performed of >200,000 
Korean subjects with T2DM who were part of an 
occupational health screening program that 
included ultrasound assessment for fatty liver and 

completion of a validated physical activity form 
[235]. The results demonstrated that exercise ≥5 
times a week was associated with an OR of 0.86 
for incident fatty liver and 1.4 for resolution of 
preexisting fatty liver (p  <  0.001 for both). 
Although more was better, a significant improve-
ment in both outcomes was also noted with any 
increase in physical activity and with one to two 
bouts of exercise per week. These results support 
the findings of other recent smaller studies dem-
onstrating benefits of exercise for fatty liver [98, 
236, 237]. Though the associated exercise inter-
ventions also improved exercise capacity, no 
studies have specifically linked fatty liver with 
reduced exercise capacity.

�Exercise and Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) is a common 
comorbidity in T2DM that is also improved by 
exercise interventions. A recent systematic 
review and meta-analysis of eight articles dem-
onstrated that exercise as a sole intervention 
decreased the apnea hypopnea index, BMI, and 
Epworth sleepiness scale [238]. Again, no stud-
ies have demonstrated that OSA itself indepen-
dently contributes to exercise impairment in 
diabetes.

�Summary

There is a high prevalence of hypertension, arte-
rial stiffness, vascular disease, and diastolic and 
systolic dysfunction which deleteriously impact 
exercise capacity in diabetes. Hypertension and 
arterial stiffness may both be improved in diabe-
tes by exercise training programs and exercise 
should be recommended. Subjects who have suf-
fered an MI and have T2DM have been shown to 
rehabilitate to a lesser degree than nondiabetic 
post-MI subjects. Data on the impact of exercise 
training for diabetic individuals with diastolic 
dysfunction, systolic cardiomyopathy, and PAD 
are only available from subgroup analyses or 
nondiabetic populations. Since it is recognized 
that mortality is generally lower in the diabetic 
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population with better exercise capacity, exercise 
training to raise the exercise capacity is worth-
while, at least in theory, in diabetic individuals 
with all comorbid conditions. However, more 
studies are needed to explicitly clarify the bene-
fits of exercise training in the diabetic with dia-
stolic or systolic dysfunction, CVD (without 
recent MI), or PAD.

The presence of diabetic nephropathy has 
been consistently associated with decreased exer-
cise capacity, while possible associations between 
exercise capacity and either diabetic retinopathy 
or diabetic neuropathy are understudied. Existing 
diabetic retinopathy, nephropathy, or neuropathy 
may pose safety concerns to the diabetic individ-
ual planning to institute a new exercise regimen 
more intense than brisk walking. Given the lack 
of randomized trial data, the recommendations 
given in the ADA position statement should be 
followed with regard to exercise precautions in 
the diabetic person with microvascular disease. 
More study in the area of safety and efficacy of 
exercise training in the diabetic person with 
microvascular disease is also warranted.

In summary, exercise training is important to 
treat the metabolic and cardiovascular abnormal-
ities associated with T2DM.  Clinicians should 
work to insure their diabetic patients may exer-
cise safely to achieve these goals.
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