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Preface

Diabetes is a highly significant public health problem in the United States.  Approximately 21 million 
children and adults (7% of the population) have diabetes, although only about 14.6 million have been 
diagnosed. The estimated number of persons with prediabetes is 54 million. The prevalence of diabetes 
is higher among persons of Hispanic, African American and Native American heritage than among 
persons of non-Hispanic white origins. Of persons with type 2 diabetes, two of three deaths are caused by 
cardiovascular disease, myocardial infarction, or stroke, which may in part be due to an increased 
prevalence of atherosclerosis risk factors such as hypertension and dyslipidemias. Prevalence of 
peripheral arterial disease is also greatly increased in persons with diabetes. 

Type 1 and type 2 diabetes raise common and disparate issues when it comes to exercise, and these 
issues are discussed in Diabetes and Exercise. At present, more data are available about exercise in 
type 2 diabetes than type 1 diabetes.  However, there is a regenerating interest more recently in type 
1 diabetes and new studies should be forthcoming. 

Though exercise is recognized by the American Diabetes Association and others as a cornerstone of 
diabetes treatment, most people with type 2 diabetes are not physically active. Persons with type 2 dia-
betes have reduced exercise capacity, including lower maximal oxygen consumption and impairments 
in the submaximal measures of cardiorespiratory exercise performance. These exercise abnormalities 
appear early and may be related to cardiac and hemodynamic abnormalities. Whatever the reason for 
decreased physical activity levels, being sedentary is linked to increased levels of morbidity and mortal-
ity, which are already high in diabetes. The purpose of Diabetes and Exercise is to give the researcher 
and practitioner in the area of diabetes, information that is both theoretical and clinically useful to further 
understanding of the importance for persons with diabetes to be physically active as part of the standard 
of care for treating this condition.  In addition, exercise guidelines and precautions are provided to maxi-
mize the benefits of activity and to minimize risk in order to avoid adverse events.

We are proud of the quality of all of the chapters in this book, all written by experts in their respec-
tive areas and wish to recognize the substantial efforts of all of the authors. Section I sets the stage 
essentially for the rest of the book. Dr. Kenneth Cusi reviews the epidemiology of diabetes. Prevention 
of diabetes is discussed by Dr. Jonathan Shaw. Finally, the metabolic syndrome is examined by Dr. 
Christos Mantzoros. In this way, the reader can understand the magnitude of the problem posed by 
diabetes and understand the compelling rationale for the use of exercise and increased physical activity 
in persons with diabetes.

In Part II, the scientific evidence for the importance of exercise/physical activity is provided in five 
chapters. This mechanistic information makes it possible to understand the reasons why this type of 
treatment is especially important for people with diabetes and has specific benefits in these individuals. 
Thus, the concept of exercise as medicine has a strong scientific basis for prevention and treatment of 
diabetes. Dr. Irene Schauer’s chapter provides a thorough discussion of the abnormalities of exercise 
performance in type 2 diabetes and the benefit of exercise training for persons with type 2 diabetes. 
Dr. Sherita Hill Golden reviews the cardiovascular consequences of type 2 diabetes. Dr. John Doupis 
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examines endothelial dysfunction, inflammation, and exercise. Dr. Kerry Stewart’s chapter covers 
exercise, adiposity, and regional fat distribution. Finally, Dr. Amy Huebschmann discusses diabetes 
mellitus and exercise physiology in the presence of diabetic co-morbidities. These chapters all provide 
a compelling rationale for exercise as a treatment in diabetes from a scientific standpoint.

Part III addresses practical issues that are essential in order to safely engage patients with diabetes 
in exercise-related research protocols and clinical programs. Dr. Dalynn Badenhop provides guide-
lines for prescription of exercise for patients with diabetes. Dr. Brent Van Dorsten considers the criti-
cal behavioral issues that must be addressed to sustain exercise adherence in patients accustomed to 
sedentary behavior.  Dr. Nora Tomuta’s chapter provides information on diabetes and nutrition since 
this aspect of care is the other main behavioral cornerstone of diabetes treatment. Finally, Dr. 
Barry Franklin examines the medical evaluation and assessment that should be undertaken before 
beginning a program of exercise for persons with diabetes, including the value and limitations of 
exercise stress testing.

In Part IV, additional key issues concerning diabetes and exercise are discussed. Dr. Susan 
Herzlinger Botein addresses the difficult problem of conditions and co-morbidities that may interfere 
with exercise. Dr. David Maahs discusses type 1 diabetes and exercise and finally Dr. Kristen Nadeau 
examines the growing problem of type 2 diabetes in youth and the role of exercise.

We are proud to have been joined in this effort by the some leading authorities in this area, all of 
whom have made important contributions in the area of diabetes and exercise and whose collaboration 
made this book possible.

It is my hope that the reader will find the information in this book to be insightful and clinically 
useful. Furthermore, I hope that it will at the very least provoke more and perhaps different thinking 
about the important role of exercise in preventing diabetes and managing its consequences. 

 Judith G. Regensteiner
 Jane E.B. Reusch
 Kerry J. Stewart
 Aristidis Veves
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1  The Epidemic of Type 2 Diabetes Mellitus: 
Its Links to Obesity, Insulin Resistance, 
and Lipotoxicity       

     Kenneth   Cusi    
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Abstract

The epidemic of type 2 diabetes (T2DM) is a public health problem that threatens to spiral out of 
control in the twenty-first century. Early intervention can greatly mitigate the serious socioeconomic 
impact of the disease, driven largely by disabling microvascular complications and cardiovascular dis-
ease. Obesity is at the core of the epidemic of T2DM, affecting 2/3 of adults and reaching alarming rates 
in children in modern society. Our understanding of adipose tissue has evolved drastically in the past 
decade being now viewed as a dynamic “endocrine organ” responsible for the development or worsen-
ing of insulin resistance and “lipotoxicity” in obese individuals. “Lipotoxicity” describes the damage 
that occurs when chronic energy supply exceeds metabolic needs and lipid accumulates in tissues that 
would not normally store large amounts of lipid. In this setting, lipid is redirected into harmful path-
ways of nonoxidative metabolism, with accumulation of toxic metabolites that activate inflammatory 
pathways and eventually lead to apoptosis. It affects organs responsible for maintaining normal energy 
homeostasis, such as the liver, skeletal muscle, and pancreatic beta-cells, but also the vascular bed. 
The ability of fatty acids to disrupt insulin signaling and how the mitochondria adapts to chronic lipid 
overload are essential steps in understanding FFA-induced insulin resistance and lipotoxicity across 
different tissues. Interventions that may prevent lipotoxicity in different target tissues, but in particular 
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pancreatic beta-cell lipotoxicity, such as exercise, weight loss, and/or pharmacological therapies such 
as thiazolidinediones, hold the key to prevent diabetes in subjects genetically predisposed to T2DM and 
tackle the looming epidemic of the coming century.

 Key words: Type 2 diabetes mellitus; Obesity; Insulin resistance; Lipotoxicity; Free fatty acids; β-cell func-
tion; Fatty liver. 

  INTRODUCTION     

 In recent years, physicians and society at large have experienced the burden of obesity and type 2 
diabetes mellitus (T2DM) as never before. The “diabetes epidemic” is a relatively new phenomenon 
of the last 2 decades that poses a unique challenge to health care providers. This review will first 
highlight the magnitude of the diabetes epidemic and its relationship to obesity and the metabolic 
syndrome (MS) to then examine the role of dysfunctional adipose tissue and “lipotoxicity” in promot-
ing insulin resistance,  β -cell failure and, eventually, T2DM. We will also briefly review how lifestyle 
intervention may reverse the deleterious metabolic effects of ectopic fat deposition in target organs 
(i.e., muscle, liver, pancreatic  β -cells), providing the rationale for strategies to halt the epidemic of 
T2DM that threatens to spiral out of control in the twenty-first century.  

  THE EPIDEMIC OF TYPE 2 DIABETES MELLITUS  

  Magnitude of the Problem of T2DM in the Twenty-First Century 
 It has now become evident that T2DM is reaching epidemic proportions in the United States and 

worldwide. Although experts debate on the many reasons, all agree that increasingly sedentary life-
styles coupled with excessive caloric intake (in particular of caloric-rich foods high in carbohydrates 
and saturated fats) have led to an explosion in the prevalence of obesity and T2DM. This had devastat-
ing effects in the young and elder segments of modern societies, and in ethnic groups genetically 
predisposed to type 2 diabetes mellitus (T2DM) such as Hispanics, African-Americans, native 
Americans, and South Asians. Diabetes mellitus affects over 8% of the US population between ages 
20 and 74. This amounts to 21 million Americans having diabetes (~90% T2DM) and 2,500 new 
diagnosis of diabetes every day  (1) . 

  D iabetes and  C ardiovascular  D isease  

 Despite the many medical advances done in recent years in the diagnosis and treatment of T2DM, 
for the most part, the diagnosis of diabetes continues to be done late, with about one in three individu-
als with diabetes (or an estimated 6 million subjects) believed to be undiagnosed in the United States. 
This has led us to estimate that there is a “diagnosis gap” of about 7 years between the development 
of asymptomatic hyperglycemia and clinical diagnosis  (2) . A major problem of a delayed diagnosis 
of diabetes is the silent but relentless progression of diabetes complications, and particularly among 
them, of cardiovascular disease. It is likely that this diagnostic delay accounts for the observation that 
50% of diabetics already have some manifestation of cardiovascular disease (CVD) at the time of 
diagnosis  (3) . When cardiovascular (CV) burden is assessed by advanced imaging techniques, such 
as by measuring carotid intima-media thickness (CIMT) or arterial wall calcification, there is exten-
sive “preclinical” plaque burden in otherwise “asymptomatic” patients with T2DM  (4) . The risk of 
CVD developing in the years preceding the development of frank hyperglycemia is best exemplified 
in a long-term prospective study in which the relative risk of CVD was 2.8-fold higher in subjects 
with a normal fasting plasma glucose at baseline that developed T2DM during follow-up, compared 
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with the control group that never developed T2DM  (5) , although the highest CV risk belonged to 
those with diabetes at baseline (fivefold higher). 

 Diabetics are known to have CV death rates that are three to fourfold higher in the presence of 
similar traditional factors such as elevated blood pressure, dyslipidemia, and smoking compared with 
matched nondiabetic individuals  (6) . This is consistent with the clinical observation that patients with 
diabetes fare much worse once they have coronary artery disease (CHD). CV events account for 75% 
of hospital admissions of subjects with diabetes  (4) . Mortality from acute coronary syndromes before 
hospital arrival is twofold higher when compared with individuals without diabetes and is estimated 
that one-third die within the first month of hospital stay  (7,   8) . It is also well established that revas-
cularization interventions have higher initial failure rates and restenosis in subjects with diabetes  (9)  
and a twofold higher mortality rate when examined either at 1 month, at 1 year, or after 5 years of 
follow-up  (4,   7,   8) . The median life expectancy is believed to be up to 8 years lower for diabetic 
compared with nondiabetic adults aged 55–64 years and the age-adjusted mortality rate 50% higher 
for diabetic men compared diabetic women  (10) . Although the rate of CV mortality has declined in 
the general population  (11) , individuals with T2DM continue to have a much higher rate of morbidity 
and mortality compared with subjects without diabetes  (12,   13) . This appears to be particularly true 
among ethnic minorities in the Unites States, although many of the ethnic differences reported in the 
incidence of CVD in patients with diabetes are predominantly a function of differences in education, 
socioeconomic status, and use of preventive and therapeutic health care resources  (14) . This imposes 
the imperative to reverse health care disparities and promote initiatives for the early diagnosis and 
treatment of CVD among those in greater need.  

  T he  E pidemic of  T ype  2 D iabetes : I s the  W orse  S till to  C ome ? 

 Several recent alarming projections suggest that the epidemic of T2DM will become even worse in 
the near future. Wild et al.  (15)  estimated that the worldwide prevalence of diabetes would nearly 
double by 2030 affecting 366 million people. These figures are also in accordance with those from 
the International Diabetes Federation (IDF) that predict that 333 million people will suffer from dia-
betes by 2025  (16) . Diabetes represents a major problem for developing countries, being estimated 
that just China and India combined will be home to 24% of all subjects with diabetes worldwide by 
2050  (17,   18) . 

 In the United States, future diabetes prevalence rates are already alarming and always characterized 
by constant revisions “upwards” to accommodate for the continuous rise in the prevalence of obesity. 
Initially, the World Health Organization (WHO) using data from the National Health and Nutrition 
Education Survey (NHANES) II (1976–1980), estimated that there would be 21.9 million people with 
diabetes in the United States by 2025  (19) . However, follow-up estimates by the WHO’s 2000 report 
from the Global Burden of Disease study using NHANES III data (1988 and 1994), estimated 30.3 
million people with diabetes in the United States by 2030 (a prevalence of 11.2%, a significant increase 
from the earlier 8.9% in NHANES II)  (15) . Similarly, in an earlier report by the National Health 
Interview Survey (NHIS) using physician-diagnosed diabetes from face-to-face interviews from 1980–
1998 data, estimated that 19.9 million people would have diabetes in the United States in 2025  (1) . 
However, the updated figures by the same group based on NHIS 1984–2004 data estimate that 36.4 
million people will have diabetes in the United States in 2030  (20) . This is in striking consistency with 
findings from a study recently reported by Mainous and colleagues  (21) , who created models from the 
NHANES II mortality survey (1976–1992), the NHANES III (1988–1994) and the NHANES 1999–
2002 (Fig.  1 ). They applied a multivariable diabetes risk score for diabetes prevalence based on data 
from the NHANES III database that was later fitted to data from the NHANES 1999–2002 survey as 
a validity check of the accuracy of the model’s estimates. They projected the number of individuals 
with diabetes in 10-year increments into the future. The authors estimated that the diabetes burden will 
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be of 25.4 million (11.5%) by 2011 and will grow up to 32.6 million (13.5%) by 2021. By 2031, the 
authors estimated 14.5% of the entire US adult population (or 37.7 million people), with an over-
whelming 20.2% of adults of Hispanic origin in the United States having diabetes.  

 The rapidly increasing number of individuals with diabetes and the severe atherosclerotic burden and 
microvascular complications that the disease imposes suggest that health care resources will be stretched 
to the limit in the near future, unless a collective and aggressive effort is done to reverse this trend. The 
cost of diabetes care is increasing out of control in the United States, exceeding $100 billion each year. 
Prevention of diabetes complications cannot be underestimated, as $3 out of $4 is spent on hospital 
admissions  (4,   17) . While pharmacological interventions to treat hyperglycemia and the associated CV 
risk factors associated with diabetes have made major advances in recent times, lifestyle intervention 
strategies to reverse the metabolic abnormalities imposed by obesity and sedentary behaviors will be 
essential for long-term success. Large clinical trials have proven that lifestyle intervention effectively 
delays the onset of T2DM  (22) . The increasing consensus in the field is that establishing early interven-
tions may delay the onset of frank hyperglycemia, help preserve pancreatic  β -cell function and poten-
tially reduce CVD in high-risk populations  (23–  26) . Chronic hyperglycemia per se appears to be 
associated with a 15–18% increased risk of CVD in diabetes, as highlighted in a recent meta-analysis of 
1,688 patients with type 1 diabetes mellitus (T1DM) and 7,435 patients with T2DM (pooled data from 
three and ten studies, respectively). It is important for practitioners to recognize that a comprehensive 
intervention, including control of hyperglycemia and of associated CV risk factors, has been proven to 
reduce complications in T1DM and T2DM  (27,   28) . Aggressive management of hyperglycemia and 
associated CV risk factors is of critical importance because once plaque burden is established in patients 
with T2DM, CVD remains relatively high despite our best efforts  (4,   12,   13,   17) .   

  Role of Obesity and Physical Inactivity to the Epidemic of T2DM 
  S ocioeconomic  I mpact of the  O besity  E pidemic  

 The normal body mass index (BMI) is considered to be between 18.5 and 25 kg/m 2   (29) . An indi-
vidual is considered to be overweight if his BMI is between 25 and 29.9 kg/m 2 , and obese if >30 kg/m 2 . 

  Fig. 1.    Projected number of individuals with diabetes in 10-year increments into the future. It is estimated that the 
diabetes burden will be of 25.4 million (11.5%) by 2011, 32.6 million (13.5%) by 2021, and 37.7 million people 
(14.5% of the entire US adult population) by 2031. About 20.2% of adults of Hispanic origin in the United States will 
have diabetes. Adapted from Mainous et al.  (21) .       
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Obesity has been further classified into stage I (BMI ranging from 30.0 to 34.9 kg/m 2 ), stage II (BMI 
from 35.0 to 39.9 kg/m 2 ), and stage III (if  ³ 40.0 kg/m 2  or morbid obesity). The most accepted direct 
measures of body fat include underwater weighing, bioimpedance, and dual energy X-ray absorpti-
ometry. However, these tests are not widely available and not suitable for routine clinical practice, 
reason why BMI is the preferred alternative. However, one must point out that BMI is a simple and 
inexpensive way to quantify body fat, but that ethnicity, age, gender, cardiorespiratoy fitness, and 
body fat distribution are important factors that may modify considerably the health risks associated 
with obesity. For example, females and older adults have a higher proportion of adiposity for any 
given BMI compared to younger subjects, in particular males  (30) . Meta-analysis examining the 
impact of ethnicity has concluded that estimates of body fat using BMI overestimate in African-
Americans the percentage of body fat relative to that of Caucasians  (31) . 

 While between 1960 and 2002 the average height has increased by 1.0–1.5 in. in the general adult 
population, weight has increased by ~25 lbs in both genders in the same period (or 14.8% in men and 
17.2% in women)  (32) . Both reduced levels of physical activity  (33)  and increased caloric intake  (34)  
appear to account for this. Recent information from the 2002 Behavioral Risk Factor Surveillance 
Survey (BRFSS), an annual survey conducted by the Centers for Disease Control (CDC), has estimated 
that 59.2% of Americans are either overweight or obese  (29,   35) . Obesity alone affects 60 million of 
adult Americans. Data from the most recent National Center for Health statistics using NHANES data 
report almost two out of three Americans as being overweight or obese (65.2%). Both sources coincide 
in that the “epidemic” of obesity is increasing at an alarming rate, particularly in Hispanics and 
African-Americans women and in socially disadvantaged groups, particularly those with the poorest 
levels of education and lowest income  (35,   36) . In this regard, the social network appears to play a key 
role in the development of obesity as reported in a longitudinal follow-up between 1971 and 2003 from 
the Framingham Heart Study, in which the chances of a person becoming obese increased between 
37% and 57% if he or she had a spouse, sibling, or friend who became obese in a given interval  (37) . 
The United States leads the world as the country with more overweight and obese subjects at 64.5%, 
followed closely by Mexico, Australia, and the United Kingdom, with estimates that 60% of the 
increased incidence of diabetes can be attributed just to weight gain  (36) . We live in the paradox of a 
world in which more people are overweight and obese than those undernourished (about one billion 
compared to 850 million, respectively)  (17) . Health care expenditures also increase significantly once 
the BMI  ³ 30 kg/m 2   (35,   36) . In the United States, medical care expenses for obesity-associated condi-
tions were estimated to be $117 billion or near 10% of the total health care costs. 

 Excess adiposity is also believed to be the driving force behind the development of early CVD and 
increased overall mortality observed in obese individuals in population-based studies  (33,   35,   38–  47) . 
Obesity is associated with a reduced life span, with 100,000–400,000 excess deaths per year, depend-
ing on the models used to assess the impact of obesity  (38,   47,   48) . Mortality increases sharply as the 
BMI exceeds 30 kg/m 2   (12,   33,   35,   38,   46,   47,   49,   50) . It has been recently suggested that poor car-
diorespiratory fitness may be more important than adiposity itself in older adults, being independent 
of overall or abdominal obesity, highlighting the importance of functional capacity beyond simple 
measures of adiposity such as BMI  (51) . Moreover, it has been estimated that soon low levels of 
physical activity and poor dietary habits will overtake tobacco as the leading cause of death in the 
United States  (52) . In the Framingham Heart Study, middle-aged overweight subjects had an average 
7-year reduction in life expectancy  (38) . 

 Recently, two large studies have assessed how obesity early in life may predict future CHD and 
overall life expectancy. Baker et al.  (53)  reported that in a large cohort of 276,835 Danish schoolchil-
dren ages 7 through 13, there was a linear association between increasing BMI and risk of CHD, so 
that per each 1-unit increase in BMI at age 13 there was a 15% higher risk of CHD in adulthood. 
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Consistent with the deleterious effects of obesity, van Dam et al.  (39)  recently reported that increased 
adiposity at age 18 in women is associated with increased mortality later in life. The authors assessed 
body weight in 102,400 women from the Nurses’ Health Study II and followed them for 12 years. 
They found that there was a 1.6-fold and 2.8 increase in mortality rates among overweight and obese 
women, respectively, compared to women with a BMI between 18.5 and 21.9 kg/m 2  at age 18. Obesity 
is also associated with significant functional impairment  (50,   54) , another factor that predisposes to a 
more sedentary lifestyle and contributes to reduced CV fitness and a higher risk of CVD.  

  O besity and  B ody  F at  D istribution  

 Another important aspect of adiposity is the distribution of body fat. The waist circumference has 
been adopted as the practical way to measure central adiposity, but the accurate measurement of vis-
ceral fat calls for the use of imaging techniques such a magnetic resonance imaging (MRI) or com-
puted tomography (CT). By these techniques, abdominal fat is typically measured with a single cut at 
the L4–5 vertebral bodies, although estimation of the total visceral fat volume is a more accurate 
approach  (55) . High carbohydrate diets are known to promote hepatic very low-density lipoprotein 
(VLDL) oversecretion. In women, body fat deposition is primarily peripheral in the gluteo-femoral 
subcutaneous region. Adipose tissue expands in this area and the lower abdomen in overweight and 
obese women (“pear-shape” fat distribution). A key observation was that obese women with a pre-
dominantly upper-body fat distribution had much greater rates of lipolysis and free fatty acid (FFA) 
turnover than those with lower body obesity  (56) . In contrast to women, fat takes more frequently a 
more central distribution in overweight and obese men (“apple-shape”). As with women with a more 
central fat distribution, this has been associated with insulin resistance, more visceral fat accumula-
tion, higher triglycerides, and lower high-density lipoprotein-cholesterol (HDL-C) levels  (57) . 
Subjects with “apple-shaped” fat distribution have a higher risk of CVD possibly related to the impor-
tant metabolic differences between visceral and subcutaneous adipose tissue. This has made central 
obesity a criterion of significant value for the diagnosis of the MS (see discussion below). 

 Abdominal obesity is also associated with a greater risk of developing T2DM  (58) . The Paris 
Prospective Study was the first large prospective study to confirm the close relationship between adi-
pose tissue insulin resistance (i.e., elevated plasma FFA concentration) and the deterioration of glu-
cose tolerance over time  (59) . Visceral fat is believed to be more prone to lipolysis in response to 
counterregulatory hormones and more resistant to the antilipolytic effect of insulin  (57,   60) . Moreover, 
it has been speculated that because it drains directly into the portal vein, FFA derived from the visceral 
bed would have a more direct impact on liver metabolism than fat from peripheral (subcutaneous) 
lipolysis. In any case, the role of visceral fat to overall CV risk remains highly controversial  (57, 
  61–  63) . For example, in a recent cross-sectional study across 21 research centers in Europe, simulta-
neously measuring insulin sensitivity by the gold-standard in euglycemic insulin clamp technique and 
the clustering of risk factors associated with the MS, it was not possible to isolate different measures 
of adiposity (BMI, fat mass, or fat distribution) as more prominent than the others as causative factors 
for insulin resistance or related CV risk factors  (63) . We have found a closer correlation between 
visceral and liver fat accumulation than when compared with BMI or subcutaneous fat  (55,   64) . 
However, while the “portal hypothesis” is appealing to the development of hepatic insulin resistance 
by visceral adipose tissue, the finding that in healthy obese individuals the contribution of visceral fat 
to the overall FFA pool increases only modestly (from 10% to only 25% compared to lean subjects) 
 (65) , suggests that expansion of subcutaneous fat adipose tissue also plays an important role in the 
development of hepatic insulin resistance. Moreover, as FFA from visceral fat contributes only with 
5% or less to the peripheral plasma FFA pool  (65) , it is unlikely to be a primary responsible for 
peripheral (muscle) insulin resistance, again highlighting the damaging effect of overall adiposity 
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(visceral and subcutaneous) as sources of FFA for subsequent ectopic (i.e., muscle, liver,  β -cells) fat 
deposition. It is also possible that the deleterious role of visceral fat is mediated not so much by FFA 
but primarily by the release a number of adipocytokines [tumor necrosis factor- α  (TNF- α ), leptin, 
interleukins (IL), etc.] that have been shown to promote insulin resistance  (66,   67) , offering a unifying 
explanation for how a rather modest amount of adipose tissue (i.e., 10–15% of total body fat) may 
hold the potential to impair hepatic and peripheral (muscle) insulin action.  

  O besity and the  I nsulin  R esistance  (M etabolic ) S yndrome  

 In recent years, there has been great interest in the concept of a clustering of risk factors for CVD 
occurring in a given individual to a greater degree than expected by chance. This clustering, com-
monly referred to as the “metabolic syndrome,” has clinical manifestations frequently observed in 
obesity and is believed to be associated with underlying insulin resistance in the majority, but not all, 
of individuals. In its original conception, “syndrome X”  (68)  or the “insulin resistance syndrome”  (69)  
provided a framework to understand the relationship or association between insulin resistance, multi-
ple metabolic abnormalities, and the development of T2DM. Interest in this “metabolic” clustering of 
risk factors evolved into an aggregation of risk factors (obesity, elevated TG   (triglycerides) and low 
HDL-C, hypertension, insulin resistance and abnormal fasting or 2-h plasma glucose levels, and others) 
used primarily to predict in a given individual the risk of CVD. 

 Many studies have shown that the clustering of risk factors identifies subjects more likely to 
develop CVD  (33,   49,   57,   70–  77) . In a landmark study by Lakka et al.  (78) , they prospectively fol-
lowed 1,209 middle-aged Finnish men without CVD at baseline and showed that after 11.4 years of 
follow-up, those with the MS [defined using either National Cholesterol Education Program (NCEP) 
or WHO criteria] were 2.9-times more likely to die of CHD and had 1.9-fold higher CVD mortality 
rates. More recently, the San Antonio Heart Study examined the relationship between gender, the MS 
(NCEP definition) and diabetes in their ability to predict CHD mortality over 15.5 years of follow-up 
in 4,996 men and women  (71) . Relative to women with neither diabetes nor MS, women with both 
had a 14-fold increased risk of CHD mortality whereas men had only a fourfold increased risk, 
respectively, gender being a strong modifier of the joint effect of diabetes and MS on CHD mortality. 
Still, three aspects are under considerable debate regarding the MS: (1) whether the association of 
multiple risk factors in the MS adds to CVD prediction more than the sum of its individual compo-
nents; (2) which is the precise role of insulin resistance in its pathogenesis, and (3) which parameters/
risk factors would best serve as predictors of CV disease (or T2DM) and what are their optimal cut-
offs  (79–  81) . Regarding the first issue, it is unlikely that epidemiological studies alone using multiple 
regression analysis and other approaches will give us a definitive answer as to whether the whole (i.e., 
MS) will be more predictive than the sum of the parts (i.e., individual risk factors). This is because 
the mutual interaction of these metabolic abnormalities (i.e., the “embedded” impact of obesity and/
or insulin resistance on atherogenic dyslipidemia, hypertension, or the plasma glucose concentration, 
among other factors) will likely make impossible that any statistical analysis will be able to dissect 
and quantify the relative contribution of these closely intertwined CV risk factors to overall CVD. 

 As for the role of insulin resistance in the pathogenesis of the MS, while controversial, it offers so 
far the best unifying hypothesis based on a large amount of basic and clinical data, with many pro-
spective studies indicating that insulin resistance is an independent risk factor that strongly predicts 
future CV morbidity and mortality  (44,   49,   57,   66,   73,   82–  84) . Crude measurements of insulin resist-
ance in some studies (i.e., such as a fasting plasma insulin level or the HOMA    model, that is primarily 
a measure hepatic HOMA (homeostasis model assessment)) HOMA insulin resistance (but not of 
muscle or adipose tissue insulin sensitivity) may erroneously conclude that insulin resistance does not 
play a role. Alternatively, the effect of insulin resistance may already be accounted for by its impact 
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on driving hepatic VLDL production (increasing plasma triglycerides) and promoting a high HDL-C 
turnover (lowering HDL)  (85,   86) . Insulin resistance may also be promoting pancreatic  β -cell failure 
and progressive hyperglycemia in individuals genetically predisposed to T2DM, so that when these 
variables are included in multiple regression analysis, the fasting insulin is no longer an “independ-
ent” risk factor to predict risk of CVD or T2DM. The role of insulin resistance has also been ques-
tioned on the grounds that not all patients with insulin resistance develop the MS, and also that not 
all patients with the MS are insulin-resistant. However, this reasoning is quite naive as to expect that 
every subject with insulin resistance will develop the MS, because disease always depends on a per-
missive factor (i.e., insulin resistance in the case of the MS) plus the diminished reserve to a given 
insult by the target organ (i.e., the vascular bed in atherosclerosis, the liver in nonalcoholic fatty liver 
disease (NAFLD), the ovary in polycystic ovary syndrome (PCOS), and the pancreatic  β -cell in 
T2DM). In other words, insulin resistance create a fertile soil for end-organ damage and the genetic 
make-up determines the susceptibility to this permissive environment, in the same way that nobody 
questions today the roles of hypertension and dyslipidemia to the development of CVD, although 
many CV events will never develop even in the presence of this well-established risk factors. 

 Some of the confusion among the role of the MS arises on the emphasis placed on its different com-
ponents/risk factors and variable cut-offs adopted by different organizations: the NCEP, the IDF, the 
Group for the Study of Insulin Resistance (EGIR), the American Association of Clinical Endocrinologists 
(AACE), and the WHO [elegantly reviewed by Meigs  (84)] . These include obesity and/or a measure 
of waist circumference, fasting glucose [and some a measure of insulin resistance (EGIR) (WHO) or 
2-h glucose (WHO)], triglycerides/HDL-C and elevated blood pressure. While obesity is important in 
all definitions, depending on the emphasis put on other risk factors, they appear to be defining slightly 
different populations. For example, the definition most widely held by clinicians is the NCEP ATP III 
2005, which combines any of three out of five risk factors to meet the criteria. The criteria and cut-offs 
of the NCEP are fasting plasma glucose  ³ 100 mg/dL, central obesity ( ³ 35 in in women and  ³ 40 in in 
men), low plasma HDL-C ( £ 40 mg/dL in males and  £ 50 mg/dL in women); plasma triglycerides  ³ 150 
mg/dL, and blood pressure  ³ 130 or  ³ 80 mmHg (or pharmacological treatment of any of these risk fac-
tors). This is a rather “lipid-centric” definition as most meet the MS criteria from having obesity and 
—one to two of the lipid criteria. It is limited also by not taking into account the weight of the different 
factors or by using measurements of insulin resistance, although its simplicity has made it a valuable 
tool for primary care physicians and for use in large epidemiological studies. Other definitions 
acknowledge directly or indirectly the importance of insulin resistance and the likelihood that it may 
have an important pathogenic role. The IDF requires abnormal waist-circumference as the driving 
criteria, emphasizing the role of abdominal/central obesity as a surrogate for insulin resistance. The 
EGIR and WHO definitions aim at identifying those with insulin resistance for its diagnosis, measured 
by the gold-standard euglycemic insulin clamp technique [or at least a fasting insulin in the top 25% 
(EGIR)], although these measurements are not costly and difficult to obtain by clinicians. In an attempt 
to assist physicians in clinical practice, AACE includes as criteria several conditions strongly associ-
ated with insulin resistance, such as NAFLD, polycystic ovary disease, and acanthosis nigricans. This 
has very practical implications and serves to increase awareness among doctors and patients on the 
importance of conditions with apparent no relation to the development of T2DM and CVD. 

 Future prospective studies will allow to “fine tune” the currently used MS criteria. From a practical 
perspective, many practitioners give value to the MS criteria by assisting them in searching for clus-
ters of CV risk factors in patients who are overweight, or have either CVD or T2DM. It also helps 
them at the time of choosing a pharmacological agent to treat a given CV risk factor. For example, 
one may avoid treating one CV risk factor with an agent that may have deleterious effects on other 
risk factors, if alternative treatments are available. For example, beta blockers may increase the 
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plasma cholesterol and plasma glucose levels and have been associated with increased incidence of 
T2DM in epidemiological and intervention studies  (4) ; use of an angiotensin converting enzyme 
inhibitors (ACEI) or angiotensin receptor blockers (ARB) may be preferable in the setting of uncom-
plicated hypertension and diabetes as both have no deleterious effects on glucose or lipid metabolism 
and have been reported to reduce the incidence of T2DM, with added benefits on preservation of renal 
function which is already at greater risk of damage in the setting of obesity, MS or T2DM.  

  T he  C hallenge of  P redicting the  D evelopment of  T2DM 

 While the MS is a tool to predict CV risk, in the wake of the diabetes epidemic there has been 
significant interest about its ability to also predict T2DM, with several studies in Caucasians  (73,   75, 
  87)  and ethnic minorities  (74,   88)  confirming its value in this regard. This is important because if we 
can find the optimal way to identify early-on subjects that will develop T2DM later in life, aggressive 
lifestyle and/or pharmacological interventions before the development of hyperglycemia are likely to 
be very cost-effective (discussed at the end of the chapter). 

 A recent meta-analysis showed that the presence of MS increases the likelihood of developing 
T2DM by two to fourfold  (49) . However, it is less sensitive than direct tests aimed at identifying 
subjects at risk of developing T2DM  (88) . In testing a predictive tool for a disease, rather than estimat-
ing the relative risk, it is standard to use the area under the receiver–operator-characteristic curve 
(ROC) to determine the accuracy of a test to discriminate individuals that will develop a disease from 
those that will not. The ROC is always a balance between the ability of the test to correctly identify 
subjects (true positive rate) from its error in doing so (false positive), depending on the sensitivity and 
specificity set by the different parameters in the model. The gold-standard to predict T2DM has tra-
ditionally been the oral glucose tolerance test (OGTT), but it is somewhat inconvenient for wide-
spread clinical use. Given the epidemic of T2DM, studies that have examined the value of the MS 
criteria to predict T2DM have concluded that it provides a reasonable prediction of future T2DM with 
a ROC between 0.75 and 0.82  (76,   89–  91) . Of note, a ROC of 0.5 is considered simple chance dis-
crimination while a perfect screening test would have an ROC of 1.0. However, the use of impaired 
fasting glucose (IFG) plays a key role in driving the predictive value of the different MS criteria, so 
that when required as one of the screening criteria for the prediction of T2DM, it greatly enhances the 
predictive value of the MS and it diminishes significantly when excluded  (73) . However, models tai-
lored to predict T2DM (that do not necessarily need to incorporate an OGTT in their model) are more 
accurate than the MS with ROCs of 0.84–0.85, such as the San Antonio Diabetes Prediction Model 
(SAPDM)  (76,   89)  and the Framingham Offspring Study database in middle-aged Caucasians  (92) . 
Recently, the use of the 1-h OGTT, or factoring-in insulin resistance to insulin secretion during an 
OGTT, provided a slightly better prediction for T2DM compared to the SAPDM (ROC 0.86 vs. 0.80) 
or 2-h OGTT (ROC 0.79, both  p  < 0.001), but with the caveat of requiring invasive testing (OGTT) 
for the diagnosis of T2DM  (91) . 

 One can expect in the future that the MS will have improved accuracy to predict T2DM if ethnicity 
(minorities being more prone to T2DM) and a family history (FH) of T2DM (a strong predictor of 
insulin resistance and diminished pancreatic  β -cell reserve) are taken into consideration. For example, 
African-Americans tend to have higher blood pressure, lower triglycerides, and higher HDL-C 
(in contrast to higher triglycerides in Japanese) while insulin resistance and T2DM are more common 
in Mexican–Americans and American–Indians  (14) . In high-risk populations (minorities, those with 
a FH of T2DM or gestational diabetes, obese patients with features of the MS), it may be cost-effective 
to use a minimally invasive and simple test such as an OGTT to establish an early diagnosis and con-
sider intervention  (23) . It is still quite a tragedy that diabetes continues to be diagnosed late and that 
still today about one-third of patients with T2DM are unaware of having the condition.   
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  Pediatric Obesity and T2DM: An Inevitable Consequence of Living 
in an Age of Abundance? 

 Perhaps one of the greatest public health concerns of recent years has been the dismal increase in 
the prevalence of overweight and obese children and teenagers. Pediatric obesity is defined as a BMI 
greater than the 95th percentile while being overweight is defined as a BMI greater than the 85th 
percentile, adjusted for age and gender. While BMI is not the optimal way to quantify excessive adi-
pose tissue, its simplicity has imposed it as a valuable surrogate test. However, one should keep in 
mind that there can be a significant variability when compared with direct measurements of body fat 
 (30,   93–  95) . In any case, the prevalence of obesity in children is believed to be 14%  (32,   35) , repre-
senting about a threefold increase among children across all ages between 6 and 19 years. The CDC 
recently reported that the mean weight of 10-year-old boys and girls in 2002 increased by ~11 lbs 
(from 74.2 to 85 lb and 77.4 to 88 lbs, respectively) compared to data from 1963 to 1970. More 
recently, Li et al.  (96)  compared the mean waist circumference and waist–height ratio of boys and 
girls in four different age groups using NHANES data from 1988 to 1994 through 1999–2004. Using 
the 90th percentile values of waist circumference for gender and age, the prevalence of abdominal 
obesity increased by 65.4% (from 10.5% to 17.4%) and 69.4% (from 10.5% to 17.8%) for boys and 
girls, respectively. The implications of these statistics are serious because being obese during child-
hood is also a predictor of obesity as an adult  (35) , with its serious health consequences. For example, 
an obese teenager has a 17-fold risk of being overweight when at ages 21–29. 

 Obesity in youth is also a strong predictor of future MS  (97)  and T2DM  (35,   98,   99) . Obese chil-
dren have a high prevalence of the MS, with a 50% chance if the BMI is greater than 40 kg/m 2 . It is 
now estimated that in the pediatric population in the United States the number of new cases of diabe-
tes having T2DM equals those of T1DM  (100) . One recent study reported among 1,030 children ages 
4–19, 20% already had the MS, which increased to 28% if elevated liver alanine aminotransferase was 
included in the analysis  (101) . Elevated aminotransferases are also a predictor of CVD in large epi-
demiological studies  (102) . In the study by Butte et al.  (101) , obese Hispanic children were particu-
larly affected. Of note, when the authors performed risk factor analysis and quantitative genetic 
analysis, they noted a marked heritability for traits of the MS and a clear clustering of CV risk factors 
among children affected, suggesting a complex web of genetic and environmental factors. 

 Obese children with the MS are also more prone to a number of additional medical conditions: 
NAFLD, sleep apnea, focal and segmental glomerulosclerosis, cranial hypertension, gallbladder dis-
ease, early maturation and obesity-related behavioral problems, poor school performance, and severe 
depression  (94,   97,   100,   101,   103–  105) . Hirsutism, PCOS, and infertility are also more common in 
girls with the MS  (106) . In the long term, there is also an increased risk of osteoarthritis, CVD  (43, 
  45,   53,   107) , and possibly of a variety of cancer types  (108) . Debate on the long-term management is 
complicated by the multifactorial etiology of obesity in children (genetic, social, and economic forces 
at play) and lack of good data to set optimal guidelines. 

 Recently, the Expert Committee on the Assessment, Prevention and Treatment of Child and 
Adolescent Overweight and Obesity, a consortium of 15 health professional organizations including 
the American Medical Association (AMA), the Department of Health and Human Services’ Health 
Resources and Services Administration (HRSA), and the CDC, proposed a number of measures to 
curve obesity in children  (109) . As expected, treatment recommendations centered on a lifestyle modi-
fication approach with an emphasis on diet and exercise. They recognized as barriers parent denial of 
their child’s weight problem (in as many as 40% of parents of overweight children), poor adherence 
to long-term goals, and inadequate third-party payer reimbursement for the team approach often 
needed for long-term success (physician, dietician, psychologist, exercise trainer, etc.). Many studies 
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link obesity to physical inactivity  (33)  and overeating  (34) , which in children is common during the 
many hours they spend in modern society watching TV or playing electronic games. This can be 
reversed with limiting the number of hours they spend watching television  (110) . Unfortunately, there 
are few long-term weight loss studies in children, but modest success is possible  (99,   111,   112) . 

 Other than for increase physical activity, few pharmacological alternatives are available for chil-
dren: orlistat (Xenical ® ), which interferes with intestinal lipase function and enhances fecal fat loss, 
is approved for children  ³ 12 years of age, and sibutramine (Meridia ® ), working in the central nervous 
system, CNS, as a serotonin and norepinephrine reuptake inhibitor, for teenagers of age  ³ 16. Both 
have shown to be effective in achieving weight losses of ~8–10% in trials lasting 1–2 years  (113,   114) , 
although potential for malabsorption with orlistat, and for tachycardia and hypertension with sibu-
tramine, are of concern for long-term use in pediatric populations. There is limited short-term experience 
with bariatric surgery and no long-term studies to support its safety and efficacy in younger popula-
tions. It is recommended only for special cases, such as children with BMI  ³ 50 kg/m 2 , or alternatively, 
with a BMI of 40 kg/m 2  if severe comorbidities are already present and after careful family counseling 
in the hands of experienced surgeons.   

  METABOLIC CONSEQUENCES OF OBESITY: 
WHY DOES IT PREDISPOSE TO T2DM?  

 Much work has been done in recent years to understand the links between physical inactivity, obesity, 
and the development of T2DM. Still no clear, unifying hypothesis has been able to encompass the 
complex web of metabolic and molecular defects that accompany T2DM. However, much has been 
learned on how dysfunctional adipose tissue in obesity impairs glucose homeostasis in humans, which 
can be separated conceptually in two major mechanisms: (a) dysfunctional fat viewed as an “endo-
crine organ,” actively involved in releasing a number of cytokines that promote systemic inflammation 
that cause/promote muscle/liver insulin resistance, and (b) abnormal dysfunctional fat causing “lipo-
toxicity,” where sick insulin-resistant adipocytes cause ectopic fat deposition in skeletal muscle, liver, 
and pancreatic  β -cells, with devastating effects for glucose homeostasis. 

  Adipose Tissue as an “Endocrine Organ” 
 Obesity is the result of an increase in adipocyte size (fat storage) and number  (115,   116) . Obesity 

can be interpreted based on our current understanding of fat biology as a pathological enlargement by 
fat cells and a failure to adequately proliferate and differentiate in response to excessive energy intake 
 (117–  121) . In addition to surplus energy, hypertrophic fat cells are challenged by chronic inflamma-
tion and perhaps insulin resistance itself, posing considerable stress to its various organelles. Among 
these, recently the role of the endoplasmic reticulum (ER) has been highlighted as a vital organelle 
that demonstrates significant signs of stress and dysfunction in obesity and insulin resistance  (121) . 
Under normal conditions, the ER physiologically adapts to meet the demands related to protein and 
triglyceride synthesis in the differentiated fat cell, but when nutrients are in pathological excess, this 
overwhelms the ER activating the unfolded protein response (UPR) and triggering the development 
of insulin resistance through a host of mechanisms, including c-jun N-terminal kinase (JNK) activa-
tion, inflammation, and oxidative stress. 

 However, it was not until relatively recently that our perception of adipose tissue shifted from a 
rather “passive” fuel storage depot to a highly complex endocrine organ with an important role in 
causing systemic inflammation in obesity-related states. Because this topic has been the subjects of a 
number of recent in-depth reviews  (66,   83,   120–  122) , we will consider just briefly a few aspects of 
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the link between abnormal fat cells and inflammation. Adipocytes develop from preadipocytes present 
in adipose tissue and their main mission has classically been restricted to the regulation of triglyceride 
storage and overall body energy metabolism by the secretion of hormones such as leptin. The observa-
tion by Hotaqmisligil et al.  (123)  and Feinstein et al.  (124)  that the fat-derived proinflammatory 
cytokine TNF- α  could induce insulin resistance was a radical departure from the classical view of 
adipose tissue. While the role of TNF- α  to induce insulin resistance in humans with T2DM remains 
controversial, nevertheless the realization that adipocytes were actively involved in the secretion of 
many inflammatory cytokines previously believed to be secreted only by macrophages – or simply 
unknown – opened a new horizon in the understanding of insulin resistance, obesity and T2DM [i.e., 
TNF- α , IL-6, resistin, monocyte chemoattractant protein-1 (MCP-1), plasminogen activator inhibi-
tor-1 (PAI-1), visfatin, angiotensinogen, retinol-binding protein-4 (RBP-4), and serum amyloid A 
(SAA)]. In a general sense, adipocytokines such as TNF- α  and IL-6 are viewed as mediating insulin 
resistance either through promoting serine phosphorylation of key insulin signaling steps (i.e., IRS-1 
mediated by TNF- α  or IL-6-induced IKK β  and JNK1 pathways) in liver and muscle or by infiltrating 
macrophages near adipose tissue cells that release cytokines and promote adipose tissue insulin resist-
ance and the increased lipolysis that drives ectopic fat deposition in ectopic tissues. Another important 
observation was that 30–59% of the genes in adipocytes from obese subjects had a gene expression 
pattern closely related to macrophage biology  (125) . Note that macrophages derive from a different 
cell lineage than adipocytes (bone marrow stem cells), but during nutritional excess triglyceride-
loaded adipocytes produce a number of cytokines that are also typical of fat-loaded activated macro-
phages in the arterial plaque (foam cells)  (120) . A high output of adipocytokines characterizes 
insulin-resistant fat cells, closing the loop by activating inflammatory pathways (i.e., NF- κ  β ) and 
inducing insulin resistance in target tissues. How obesity may alter gene expression and induce simi-
larities among adipocytes and macrophages is unknown, but could be mediated by PPAR γ  activation 
 (115,   122,   125) , an effect that has received extensive attention in recent times. This has been of par-
ticular interest in T2DM as PPAR γ  agonists have proven to have multiple beneficial effects on fat cell 
biology. Adipose tissue is infiltrated with macrophages, and its content of long-chain triacylglycerols 
(TAGs) and ceramides has been recently reported to be increased in subjects with increased hepatic 
fat content compared to equally obese subjects with normal liver fat content  (126) . Lower plasma 
adiponectin levels in fatty liver disease (NAFLD), as well as in obesity and T2DM, may explain these 
differences and point toward dysfunctional adipocyte function in these pathological states  (127) , 
being increased by PPAR γ  activation by thiazolidiendiones. Moreover, ob/ob mice overexpressing 
adiponectin are completely rescued from the diabetic phenotype at the expense of morbid obesity, 
offering an interesting paradox of how fat cells that can adapt successfully and store pathological 
amounts of fat while remaining insulin sensitive and free of diabetes  (128) .  

  Adipose Tissue Insulin Resistance and “Lipotoxicity” 
 Type 2 diabetes is characterized by insulin resistance (at the level of skeletal muscle, adipose tissue, 

and liver) and by impaired  β -cell function  (68,   129–  134) . Both genetic and acquired defects have been 
shown to play a role in affecting insulin action and insulin secretion. Among the acquired defects, 
obesity and glucotoxicity  (135–  137)  have received special attention as both are believed to worsen 
insulin resistance and possibly contribute to the decline in  β -cell function. Dissecting the role of 
genetic factors from those attributed to obesity and/or hyperglycemia itself has been particularly chal-
lenging. Equally difficult has been to define the sequence of events that results in the development of 
insulin resistance, and ultimately T2DM, in genetically predisposed subjects. For instance, it can be 
argued that adipose tissue insulin resistance may be the initiating event as it is present in nonobese 
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normal glucose-tolerant subjects with a FH of type 2 diabetes long before the development of hyper-
glycemia. In such individuals, adipose tissue resistance to the action of insulin is characterized by 
increased rates of lipolysis with elevated plasma FFA levels despite chronic hyperinsulinemia and 
impaired suppression of plasma FFA by insulin, or just the latter with “normal” plasma FFA levels 
(although inadequately “normal” for the elevated plasma insulin concentration)  (138–  142) . This is 
also typical of obese nondiabetic  (143–  145)  and in T2DM individuals  (68,   129–  134,   146) . 

 The term “lipotoxicity” was coined by Unger et al.  (147,   148)  to describe the deleterious effects of 
high fatty acid supply on  β -cell function. Since then much work in the field has given the term lipo-
toxicity a broader sense and is currently applied more generally to the deleterious effects of fatty acids 
on tissues that would not normally be destined to store large amounts of fat. This places an extraordinary 
metabolic stress to these tissues. So when fat supply surpasses the metabolic needs of skeletal muscle, 
liver, and/or pancreatic  β -cells, the offer of fatty acids in excess of their normal storage and oxidative 
capacity redirects lipid flux into harmful pathways of nonoxidative metabolism and intracellular 
accumulation of toxic metabolites renders tissues resistant to the action of insulin. Many studies have 
shown that hepatic and skeletal muscle insulin resistance can be readily induced in healthy individuals 
after short periods of lipid infusion that acutely raise plasma FFA levels  (68,   129–  134,   146) . 

 Liver and muscle insulin resistance are both central to the pathogenesis of T2DM. Hepatic insulin 
resistance per se may drive a chronic increase in insulin secretion aimed at refraining excessive rates 
of hepatic glucose production and prevent subsequent hyperglycemia. Hepatic insulin resistance is 
frequently associated with a fatty liver, diminished insulin clearance, and perpheral hyperinsulinemia. 
In such a scenario, hepatic insulin resistance could cause/contribute to muscle insulin resistance as mild 
chronic hyperinsulinemia per se (i.e., an approximately two- to threefold increase in plasma insulin 
concentration above normal, as seen in insulin-resistant states such as obesity or T2DM) may cause 
peripheral (muscle) insulin resistance just after 72 h in otherwise insulin-sensitive individuals  (149) . 
Steatosis and hepatic insulin resistance are also characterized by an excessive secretion of proinflam-
matory cytokines [transforming growth factor- β  (TGF- β ), TNF- α , hsCRP, etc.] that also are known to 
promote peripheral insulin resistance and could “close the loop” of a self-perpetuating state of insulin 
resistance and systemic inflammation as described above for adipose tissue insulin resistance. 

 Finally, it is well established that there is an intrinsic defect in insulin action in skeletal muscle of 
patients with T2DM. Skeletal muscle insulin resistance has been well documented in muscle biopsy 
studies from lean normal glucose-tolerant and, otherwise, healthy subjects genetically predisposed 
to T2DM (without the confounding factor of obesity and elevated plasma FFA levels), long before 
the development of frank lipo- and/or gluco-toxicity observed in T2DM  (141,   142,   150) . If skeletal 
muscle insulin resistance would be the initiating event in the cascade of events toward T2DM, one 
could put forward the hypothesis that skeletal muscle insulin resistance would lead to chronic hyper-
insulinemia and place a sustained  β -cell demand that could lead to T2DM in genetically susceptible 
individuals. Sustained systemic hyperinsulinemia is also known to promote hepatic steatosis, insulin 
resistance, and diminished hepatic insulin clearance, which combined would feed and perpetuate 
chronic hyperinsulinemia. It would also stimulate hepatic triglyceride secretion with potential to 
cause more lipotoxicity by delivering more lipid to insulin-sensitive tissues, such as muscle  (130) , 
while potentially causing  β -cell lipotoxicity  (147,   148) , as well as promoting a MS phenotype by 
stimulating HDL-C turnover with increased clearance and lower plasma HDL-C levels  (86) . Taken 
together, the above scenarios indicate that defects causing chronic hyperinsulinemia (either second-
ary to liver or muscle insulin resistance) can easily downregulate the insulin receptor and its down-
stream signaling steps and cause insulin resistance at the level of muscle, liver, and/or adipose tissue, 
again closing the loop for a state of self-sustaining insulin resistance and chronic inflammation as 
seen in obesity and T2DM. 
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 In summary, genetic and acquired factors establish a tangled web of metabolic disturbances. 
Individual defects in each target tissue (muscle, liver, or adipose tissue) appear to be sufficient to trig-
ger a self-perpetuating and down-spiraling cascade of events difficult to reverse. It is important to 
recognize that insulin resistance can be entirely acquired by fatty acid excess, as demonstrated in 
healthy lean insulin-sensitive individuals that develop muscle and hepatic insulin resistance within 
hours of a low-dose lipid infusion  (141,   142,   151) . Therefore, we cannot miss the opportunity to apply 
this knowledge to the care of our patients; lifestyle interventions can reverse the acquired defects 
associated with sedentary behaviors that grip modern society (i.e., lipotoxicity from obesity), and 
delay the development of diabetes in subjects genetically predisposed to the disease as shown in clinical 
trials  (22,   23,   152) , even as their intrinsic genetic abnormalities (i.e., insulin resistance, mitochondrial 
dysfunction, and aerobic capacity) appear to be more “fixed” and difficult to overcome compared to 
those without such a genetic background.   

  ROLE OF LIPOTOXICITY IN THE DEVELOPMENT OF SKELETAL MUSCLE 
INSULIN RESISTANCE  

  FFA-Induced Insulin Resistance: Early Studies 
 In 1963, Randle et al.  (153)  demonstrated that incubation of rat muscle with fatty acids diminished 

insulin-stimulated glucose uptake. They proposed a “glucose fatty-acid cycle” (better known later as 
the Randle cycle) that revolved around the notion that cardiac and skeletal (diaphragm) muscle could 
shift readily back and forth between carbohydrate and fat as sources of energy for oxidation, depend-
ing on substrate availability. In its original formulation of the Randle cycle, oxidation of fatty acids 
led to inhibition of the Krebs cycle and glucose oxidation, impairing glycolytic flux, and eventually 
leading to product inhibition of hexokinase function and glucose transport. More specifically, fat 
oxidation in muscle led to substrate accumulation of acetylCoA and citrate, which inhibited both 
pyruvate dehydrogenase (PDH) and phosphofructokinase (PFK), respectively. As a consequence of 
this inhibition, glucose-6-phosphate (G-6-P) would increase within the cell and inhibit hexokinase, 
which led to a reduction in glucose transport. A decrease in glucose transport would also impair gly-
cogen synthesis. 

 As such, the theory was incredibly attractive to help explain defects in both pathways reported in 
T2DM. Early studies in healthy humans appeared to support this notion  (143,   154–  159) , as they dem-
onstrated that a lipid infusion that increased plasma FFA, or just kept FFA constant during an infusion 
of insulin, inhibited glucose oxidation and/or impaired insulin-stimulated glucose uptake. Additional 
support came from observations in which lipid infusion increased approximately four- to fivefold 
muscle acetyl-CoA content and the acetyl CoA/freeCoA ratio  (160)  and inhibited muscle pyruvate 
dehydrogenase activity  (160,   161) , as would be expected from elevated muscle acetyl-CoA levels. 

 However, in the early 1990s other mechanisms also appeared to play a role. For example, overnight 
hyperglycemia (plasma glucose clamped at ~180 mg/dL) prevented FFA-induced insulin resistance, 
an unexpected and rather puzzling finding if the glucose fatty-acid cycle was the basis for insulin 
resistance in T2DM  (162,   163) . Additional studies suggested a direct effect of FFA on early steps of 
glucose metabolism (i.e., at the level of glucose transport and/or phosphorylation), and reported a 
discordance between the rapid FFA-induced reduction in glucose oxidation and the delay in the inhi-
bition of insulin-stimulated glucose uptake  (164) , as well as by inconsistencies in the temporal inhibi-
tion by FFAs of glucose uptake, glycogen synthesis, and glycolysis  (160,   163) . Subsequent studies 
could not find the expected rise (based on the Randle hypothesis) in skeletal muscle G-6-P concentra-
tion at a time when lipid infusion had already decreased insulin-stimulated glucose uptake  (165–  168) . 
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  Fig. 2.    Free fatty acids induce skeletal muscle insulin resistance in humans by inhibition of insulin signaling.       
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Another important contradiction to the glucose fatty-acid cycle was the “metabolic inflexibility” 
observed in obese and T2DM subjects, in which they are unable to switch from fat to glucose oxida-
tion to increase glucose uptake during insulin-stimulated conditions (fed state). In leg muscle of 
hyperglycemic T2DM subjects  (133,   162)  there was a substrate utilization “paradox” using leg (local) 
balance techniques that suggested that glucose oxidation was slightly increased in the fasting state 
(rather than decreased) and that the rate of fat oxidation during insulin stimulation was rather “fixed” 
with a lack of suppression to insulin, which would be the opposite of what would be expected by the 
glucose fatty-acid cycle hypothesis. 

 Taken together the above observations called for a broader view and clearly suggested that the 
glucose fatty-acid (Randle) cycle was inadequate to fully account for diminished insulin action by 
FFA. Likely, additional mechanisms were at play involving other than impaired glycolytic flux or 
accumulation of G-6-P regarding FFA-induced muscle insulin resistance in humans.  

  Impact of Lipotoxicity on Skeletal Muscle Insulin Signaling 
  E xcess  FFA I nduces  I nsulin  R esistance by  I mpairing  I nsulin  S ignaling 
in  H ealthy  S ubjects  

 A series of studies have now suggested that FFA and triglyceride-derived metabolites from 
intramyocellular lipid accumulation directly disrupt early steps of insulin signaling (Fig.  2 ). Inhibition 
of insulin-stimulated muscle glucose transport has been reported by many laboratories both in vitro 
and in animal studies as fatty acid concentrations increase in the incubation medium or in plasma, 
respectively  (133,   169) . Moreover, fatty acid lipotoxicity may be associated with mitochondrial deox-
yribonucleic acid (DNA) fragmentation, caspase-3 cleavage, cytochrome-c release, and production of 
reactive oxygen species with subsequent apoptosis in L6 rat skeletal muscle  (170) . In humans, FFA 
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induce multiple defects in the insulin signaling cascade, at the level of glycogen synthesis, insulin-
induced glucose transport and phosphorylation of the insulin receptor, insulin receptor substrate IRS-1, 
IRS-1–associated phosphatidylinositol (PI) 3-kinase activity, and of Akt  (142,   151,   166,   171–  175) , 
but this did not happen when lipid was infused to already insulin-resistant obese subjects  (175) , sug-
gesting that lipotoxicity may be already established in such individuals.  

 The role of FFA to cause insulin resistance and impair insulin signaling comes from a number of 
studies that show that an increase in fatty acid supply increases intramyocellular lipids (IMCL) and 
promotes the formation of a variety of fat-derived toxic metabolites, including fatty acyl-CoAs, cera-
mides, and diacylglycerol (DAG) with activation of the NF- κ  β  pathway. Boden et al.  (176)  and 
Bachmann et al.  (177)  quantified IMCL by 1H-MRS (magnetic resonance imaging and spectroscopy) 
in soleus and tibialis anterior muscles during lipid infusion studies and measured insulin sensitivity 
by means of the gold-standard euglycemic insulin clamp technique. Both groups showed that IMCL 
levels increased significantly within ~2 h of an intravenous lipid infusion, and continued to increase 
during the 4–6-h lipid infusion in parallel with a progressive reduction in insulin sensitivity through-
out the lipid infusion period. Insulin sensitivity had a strong inverse correlation in these studies with 
the increase in IMCL, in both soleus and tibialis anterior muscles, suggesting an important role for 
triglyceride accumulation in the development of insulin resistance. These studies were consistent with 
the observation of increased IMCL in insulin-resistant nondiabetic subjects  (140,   178–  182)  and in 
T2DM subjects  (182–  184) . It is now well established that lipid-derived metabolites [i.e, ceramide, 
DAG  (185) , and long-chain acyl-CoA] activate cellular serine kinases and inhibit key insulin signaling 
molecules within muscle. Inflammatory pathways including both protein kinase C (PKC) activation 
of  β II and  δ  isoforms in human skeletal muscle and I κ  β /NF κ  β  pathways have been clearly implicated 
in the FFA-induced impairment of IRS-1 tyrosine phosphorylation, and other downstream intracel-
lular key signaling steps  (171,   186–  188) , being reversible by antiinflammatory agents, such as sali-
cylates  (189) . DAG is a powerful allosteric activator of PKC, a serine/threonine kinase with several 
isoforms, and increased serine phosphorylation of IRS-1 has been shown to inhibit IRS signaling 
 (129,   133,   134) . Adams et al.  (187)  have showed that insulin sensitivity and stimulation of Akt phos-
phorylation by insulin is significantly impaired in obese nondiabetic subjects, being associated with 
a~twofold increase in muscle ceramide concentration. Moreover, ceramide content was significantly 
correlated with the plasma FFA concentration ( r  = 0.51,  p  < 0.05), providing another indication of the 
role of lipotoxicity in impairing insulin action in skeletal muscle. 

 More recently, there has been an increasing interest in toll-like receptor 4 (TLR4), the best charac-
terized of the family of TLRs, as playing an essential role inflammation and insulin resistance in the 
setting of obesity, lipotoxicity, and T2DM. TLRs are important to the immune system by activating 
proinflammatory signaling pathways in response to microbial pathogens  (66,   190) . TLR4 are acti-
vated by lipoplysaccharide (LPS) of bacterial walls and saturated fatty acids and play an important 
role in ligand recognition. IKK/I κ  β /NF κ  β  and JNK, which belong to the family of stress-activated 
protein kinases, are inflammatory pathways downstream of the TLR receptor and susceptible to acti-
vation by FFA. FFA activate TLR-driven signaling activating both inflammatory pathways and it is 
subject to intense research, as TLRs are believed to play an important role in the pathogenesis of FFA-
induced insulin resistance. Recently Shi et al.  (191)  reported that in adipose tissue from insulin resist-
ant high-fat-fed ob/ob and db/db mice, TLR gene expression was markedly increased compared to 
control normal animals and that TLR4 was required for FFA to generate the IKK/I κ  β /NF κ  β -mediated 
inflammatory response. Furthermore, the investigators were able to demonstrate that the ability of 
FFA to activate the IKK/I κ  β /NF κ  β  pathway and induce an inflammatory response could be blocked 
in TLR4 null mice. Activation of these same pathways and protection from a high-fat diet-induced 
insulin resistance at the level of muscle, liver, and adipose tissue has also been reported in mice with 
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a loss-of-function mutation in TLR4  (192) . Preliminary data from within our group indicates that 
TLR4 gene expression in vastus lateralis muscle from obese nondiabetic and T2DM subjects is 
increased, suggesting that TLR4 signaling is required for FFA-induced inflammation, and possibly 
insulin resistance (N. Musi, personal communication). Taken together, while much remains to be 
understood, it is now apparent that a decrease FFA cause insulin resistance largely by the accumula-
tion of triglyceride and other lipid-derived metabolites with subsequent activation of intramyocellular 
inflammatory pathways that impair insulin signaling at different levels, rather than by substrate com-
petition, as initially believed.  

  I mpairment of  M uscle  I nsulin  S ignaling  and I nsulin  S ensitivity by  FFA  
is  D ose -D ependent in  H umans : C linical  I mplications  

 A limitation of most, but not all  (155,   160,   161,   164,   193) , studies of humans examining the role of 
an increase in plasma FFA was the use of high-dose lipid infusion rates, which elevated plasma FFA 
usually  ³ 1,500  μ mol/L. These levels are considerably higher than the usual FFA levels observed in 
obese and T2DM subjects. Fasting plasma FFA levels in healthy subjects range between ~300 and 400 
 μ mol/L and increase to between ~800 and 1,100  μ mol/L only under certain extreme conditions such 
as fasting for 2–3 days  (194,   195) . As discussed earlier, in obese nondiabetic individuals  (145,   196, 
  197)  and in patients with T2DM  (198,   199) , fasting and day-long plasma FFA levels are usually ele-
vated (~600–700  μ mol/L) because of resistance of adipose tissue to the antilipolytic effect of insulin, 
but plasma FFA usually rarely exceed ~1,000  μ mol/L even in the presence of severe hypertriglyceri-
demia (with or without concomitant diabetes)  (86)  or poorly controlled diabetes  (200–  202) . Because 
few studies had used these lower lipid infusion doses  (155,   160,   161,   164,   193) , one could argue 
against the clinical day-to-day relevance of FFA in human disease. These early studies did suggest 
that a small increase of plasma FFA levels in healthy subjects-induced insulin resistance, impaired 
glucose oxidation, and glycogen synthase activity  (160,   161) , but no information was available on 
earlier steps of insulin signaling at plasma FFA elevations within the physiological range observed in 
T2DM. To better understand how FFA interacted with early molecular steps responsible for insulin 
action in muscle, we performed acute dose–response studies in healthy subjects at FFA spanning from 
plasma levels typically seen in obesity and T2DM (600–700  μ mol/L), through the upper range of the 
physiological spectrum (~1,000–1,200  μ mol/L) and on into the pharmacological range (~1,700 
 μ mol/L)  (151) . Of note, heparin was not coinfused to resemble as closely as possible physiological 
conditions, as it is uncertain whether a plasma FFA elevation achieved by dislodging lipoprotein 
lipase with heparin really resembles the physiologic delivery of FFA to tissues under normal living 
conditions. As observed in Fig.  3 , FFA-induced insulin resistance in a dose-dependent manner, with 
most of the insulin resistance developing already with the low, physiological increase in plasma FFA 
concentrations (i.e., 695  μ mol/L) observed in obesity and T2DM. Moreover, as observed in Fig.  4 , there 
was a clear gradient of inhibition of all proximal insulin signaling steps ranging from the physi-
ological to the pharmacological range.   

 This was the first demonstration in humans that plasma FFA inhibits insulin signal transduction in 
a dose-dependent manner. An important observation was that 70% of the maximal inhibition of insu-
lin signaling was observed within just a few hours and at plasma FFA concentrations that were well 
within the physiological range (Fig.  3 ). Moreover, there was a close correlation between the plasma 
FFA concentration fasting and during the euglycemic insulin clamp and insulin sensitivity (Fig.  5 ). 
The clinical relevance of such a finding has far-reaching implications because it tells us that it takes 
only this small increase in plasma FFA to cause a broad inhibition of the signaling cascade, from the 
insulin receptor through Akt phosphorylation. This data also helps to understand how FFA can cause 
a significant impairment in skeletal muscle insulin action even in the presence of a mild expansion in 
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  Fig. 4.    Dose-dependent effect of an acute elevation in plasma free fatty acid ( FFA ) on insulin signaling in healthy 
nondiabetic subjects. Effect of saline vs. lipid (Liposyn III, a 20% triglyceride emulsion) infusion at 30, 60, and 90 
mL/h on the percent reduction in insulin receptor ( a ) and IRS-1 tyrosine phosphorylation ( b ), PI 3-kinase activity 
associated with IRS-1 ( c ), and serine phosphorylation of Akt ( d ).  *  p  < 0.01–0.05, lipid vs. saline;  **  p  < 0.05, 90- vs. 
30-mL/h lipid infusion rates.       
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adipose tissue mass, as seen in overweight individuals (BMI from 25 and 29.9 kg/m 2 ), and recognize 
why lipotoxicity is fully established in obese individuals (BMI  ³ 30 kg/m 2 ).   

  L essons on  L ipotoxicity from  C hronic  I ncreases in  P lasma  FFA L evels 
in  H ealthy  S ubjects  G enetically  P redisposed to  T2DM 

 Several laboratories have tried to separate intrinsic (genetic) defects in insulin action from those 
from acquired conditions such arising from adipose tissue insulin resistance in obesity or glucotoxicity 
of established T2DM. To this end, our group  (138,   141,   142,   150)  and others  (179,   203–  210)  have 

  Fig. 3.    Free fatty acid ( FFA )-induced insulin resistance in a dose-dependent manner, with most of the insulin resistance 
developing already with the low, physiological increase in plasma FFA concentrations (i.e., 695  μ mol/L) observed in 
obesity and type 2 diabetes mellitus ( T2DM ).       
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  Fig. 5.    Inverse correlation between total-body insulin-mediated glucose disposal and plasma free fatty acid ( FFA ) 
concentration during basal (fasting) conditions ( a ) and during the euglycemic insulin clamp ( b ).  Black circles , saline 
infusion;  open circles , lipid infusion at 90 mL/h;  black triangles , lipid infusion at 60 mL/h;  open squares , lipid infu-
sion at 30 mL/h.  LBM  lean body mass.       

studied  lean  healthy normal  glucose-tolerant  subjects genetically predisposed to T2DM (i.e., having 
both parents with T2DM or one parent and several siblings with T2DM). These family history positive 
(FH+) individuals are already insulin-resistant long before the development of  β -cell failure (Fig.  6 ) 
and at high risk of T2DM as their pancreatic  β -cells frequently cannot adapt with the chronic insulin 
secretory demand. This has been confirmed in longitudinal studies, with those at the highest risk of 
developing T2DM having a combination of both insulin resistance and low  β -cell reserve  (211,   212) . 
In vastus lateralis muscle biopsy studies, we have shown that FH+ subjects share the same early insulin 
signaling steps as seen later in life in patients with established T2DM  (142)  and suffered no further 
worsening after 4 days of increasing plasma FFA levels within the physiological range to levels typi-
cally seen in obesity and in T2DM (~600–700  μ mol/L). In contrast, in subjects without a FH of T2DM, 
the same subtle increase in plasma FFA-reduced insulin sensitivity by ~25% and caused insulin-sign-
aling defects in skeletal muscle similar to those seen in T2DM  (142)  (Fig.  6 ). Of note, in our study 
patients had “normal” plasma FFA concentration despite marked hyperinsulinemia (plasma insulin 
levels that were approximately twofold higher than lean insulin-sensitive controls), indicative of inadequate 
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FFA suppression by insulin, as has been reported by others  (140,   213) . Therefore, one cannot comp-
letely rule out a subtle degree of lipotoxicity. Whether this lack of additional deterioration in insulin 
signaling in FH+ subjects can be related to adipose tissue insulin resistance and early lipotoxicity, 
or to other (genetic) molecular mechanisms causing insulin resistance, remains to be determined. 
Taken together, lipotoxicity at the level of muscle could be a very early defect that may develop long 
before adulthood in FH+ individuals. Increased intramyocellular lipid content is already established 
in obese children  (213,   214) , but in the pediatric literature largely overweight adolescents have 
been examined, so that the contribution of genetic vs. acquired (obesity) factors remains cannot be 
dissected out. Studies of very early ages have not been done in lean FH+ children with the techniques 
employed at an older age due to their invasive nature, so the relative contribution very early lipotoxi-
city on top of genetic factors to the development of muscle insulin resistance in humans remains to 
be established.    

  Role of Mitochondrial Dysfunction in Muscle Insulin Resistance 
 Impaired muscle insulin action at an early stage in life could be the result from an intrinsic/genetic 

inability of muscle to increase its oxidative capacity upon demand, as reported in lean FH+ subjects 
and/or an acquired defect from excessive exogenous substrate (i.e., FFA) as in obesity and T2DM. 
Diminished lipid oxidative capacity has been reported by many laboratories in insulin-resistant lean 
FH+ and obese individuals, as well as in patients with T2DM  (133,   134,   184,   206,   215–  218) . In 
Mexican-American FH+ subjects from San Antonio, Texas  (219) , and in Caucasian populations 
 (220) , it has been reported that there is a coordinate reduction of genes involved in oxidative metabo-
lism in insulin-resistant diabetic and nondiabetic FH+ Mexican-Americans. Several studies have 
manipulated FFA availability to muscle and shown that a reduction of FFA availability prevents FFA-
induced insulin resistance. Knockout mice with deletions in the fatty acid transport protein 1 (FATP1) 
or alterations in the activation of inflammatory pathways such as JNK, inhibitor of NF  κ B kinase  β  
subunit (IKK β ), or PKC θ  have all shown resistance to FFA-induced insulin resistance  (134) . Within 

  Fig. 6.    Whole body insulin-stimulated glucose disposal ( R d, total height of bars), glucose oxidation (closed part of bar) 
and nonoxidative glucose disposal (open part of bar) in healthy normal glucose-tolerant subjects without a family his-
tory of type 2 diabetes mellitus ( T2DM ) (controls) and in subjects with a strong family history of T2DM (FH + subjects 
0 after 4 days of saline or low-dose lipid infusion.  LBM  lean body mass.  *  p  < 0.01 vs. saline infusion;  **  p  < 0.001 saline 
infusion in FH+ vs. controls;  ***  p  < 0.01 lipid infusion in FH+ vs. controls. All data represented as means ±SEM.       
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our group, Richardson et al.  (221)  have reported that a 48-h increase in plasma FFA by means of a 
lipid infusion in healthy subjects in significantly reduced proliferator activated receptor- γ  cofactor-1 
(PGC-1) mRNA, along with messenger ribonucleic acids (mRNAs) for a number of nuclear encoded 
mitochondrial genes. Moreover, using microarray analysis, lipid infusion caused a significant overex-
pression of extracellular matrix genes and connective tissue growth factor. Quantitative reverse tran-
scription PCR showed that the mRNA/protein expression of collagens and multiple extracellular 
matrix genes were also elevated after lipid infusion, in striking similarity to what has been observed 
in insulin-resistant subjects with a fatty liver in nonalcoholic steaothepatitis (as discussed below in the 
liver section of this chapter)  (222,   223) , linking functional and structural abnormalities in different 
tissues by FFA oversupply. On the contrary, if plasma FFA levels are reduced by acipimox, an inhibi-
tor of adipose tissue lipolysis, there is an enhancement of insulin action in FH+ subjects  (224) , as well 
as in obese  (225)  and T2DM  (225,   226)  patients. 

 Recent studies have suggested that in insulin-resistant states, such as in FH+ and in T2DM subjects, 
there is an intrinsic mitochondrial substrate oxidation defect responsible for the accumulation of IMCL. 
In T2DM there are numerous functional and structural mitochondrial abnormalities when tissue from 
vastus lateralis muscle biopsies are examined  (216,   227,   228) . Lean, insulin-resistant FH+ subjects 
have a reduced mitochondrial substrate oxidation capacity as measured by the incorporation of  13 C label 
into C 

4
  glutamate following [2- 13 C] acetate infusion by MRS  (210) . Consistent with these findings, 

Brehm et al.  (229)  have reported that when plasma FFA levels are maintained in the upper limit of the 
physiological range at 1,000  μ mol/L during an hyperinsulinemic clamp (plasma insulin increased approxi-
mately tenfold), FFA-induced insulin resistance in skeletal muscle was associated with a 70% reduction 
in insulin-stimulated glucose transport/phosphorylation and a 24% reduction adenosine triphosphate 
(ATP) synthase flux compared to identical control (saline) studies. Recently, a lower mitochondrial 
content in muscle of diabetic subjects (rather than decreased function) has been proposed to play a role 
for the reduced mitochondrial oxidative capacity  (230) . Taken together, these studies suggest that in 
genetically predisposed individuals the ability of the mitochondria to increase substrate oxidation may 
be limited by either a reduction in function and/or an overall mitochondrial content, making skeletal 
muscle particularly vulnerable to lipotoxicity, as observed in obesity and T2DM.  

  Can Weight Loss and/or Exercise Reverse Muscle Insulin Resistance? 
 It is unquestionable that cardiorespiratory fitness reduces the risk of CVD and that low rates of 

physical activity are associated with a greater risk of developing insulin resistance, obesity, MS, and 
T2DM  (51,   231–  233) . In the midst of an epidemic of obesity and diabetes, renewed interest has devel-
oped in understanding the molecular pathways by which exercise appears to reverse defects associated 
with insulin resistance [reviewed in-depth under  (234–  236)] . While the role of exercise will be 
reviewed in other chapters, a few points deserve attention. First, as discussed in the previous section, 
it is important to recognize that lipid accumulation in skeletal muscle and insulin resistance are not just 
the result of excessive fatty acid supply, but likely the combination of increased supply and a reduced 
capacity of muscle to use it as a fuel for energy needs. Because disruption in lipid metabolism/FFA flux 
appears to be causal in the development of insulin resistance, it follows that it should be possible to 
reverse FFA-induced insulin resistance with interventions that improve lipid homeostasis, such as aero-
bic endurance training. An increase in lipid oxidation plays an important role in the improvement 
observed in insulin sensitivity in skeletal muscle from high-fat-fed rodents  (237)  and in obese subjects 
following training  (238) . Moderate-intensity physical activity (—four to five times per week for 30–40 
min for 16 weeks), combined with weight loss, induces mitochondrial biogenesis, improved function, 
and morphologic changes (i.e., an increase in mitochondrial size) in previously sedentary obese 
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subjects  (227,   239) . These changes have also been reported in older sedentary individuals (>65 years 
of age) with rather modest amounts of training  (240) . Exercise also enhances in a time- and intensity-
dependent manner insulin signaling pathways at multiple levels in lean healthy subjects, including 
insulin receptor, IRS-1 and the PI 3-kinase association with IRS-1 phosphorylation  (241) , HKII 
mRNA/activity  (242) , GLUT-4 protein expression and glycogen synthase activity  (243) , and AMPK 
activity and AS160 phosphorylation, although in skeletal muscle from obese and T2DM subjects the 
potential of exercise to stimulate the above steps is blunted  (188,   241,   242,   244) . One mechanism by 
which regular exercise improves muscle insulin sensitivity involves inhibition of the inflammatory 
pathways discussed earlier, such as NF- κ  β  that interfere with insulin signaling in T2DM  (188) . 

 While there is no doubt that aerobic exercise training is a potent and effective intervention strategy 
for individuals with insulin resistance, debate remains whether regular physical activity may improve 
insulin sensitivity independent of weight loss in T2DM, what is the minimum amount of exercise 
needed for health benefits and which exercise prescriptions may more successfully impact glycemic 
control and prevent CVD in patients with T2DM. The CV protection conferred by exercise includes 
antiinflammatory, hormonal, lipid, blood pressure, and multiple direct vascular effects beyond those 
related to improvements in muscle insulin sensitivity  (232,   233) . To highlight an example of the 
adverse CV impact that disrupted fatty acid metabolism may have in humans, we have observed that 
just a mild increase in plasma FFA (to levels observed in T2DM) by means of a lipid infusion increases 
blood pressure  (245)  and induces endothelial dysfunction and systemic inflammation in lean healthy 
nondiabetic volunteers  (246) . Exercise promotes an improvement in endothelial function and capillary 
recruitment in muscle, although this response is also reduced in patients with T2DM  (247) . However, 
in a finding of value toward understanding the CV protective effects of exercise in diabetics, we dem-
onstrated that just 8 weeks of moderate-intensity aerobic exercise training can improve endothelial 
dysfunction together with increased muscle insulin sensitivity in patients with T2DM  (248) . 

 While regular exercise and weight loss combined appear to have the greatest impact on insulin 
resistance, reversal of lipotoxicity and CV risk  (51,   231–  233) , it is sometimes discouraging to patients 
that weight loss is minimal or none at all. However, it should be noted that training even without 
weight loss has been reported to improve insulin sensitivity  (22,   233,   249,   250) , although not by all 
 (185) . Whether aerobic training, resistance training, or both combined are best for subjects with dia-
betes is a matter of debate. A recent Canadian study performed across eight community-based facili-
ties in 251 adults (age 39–70, mean = 54) addressed this issue. Subjects were asked to exercise with 
moderation three times a week for 22 weeks. The authors reported improved glycemic control with 
all three modalities (0.5%), although greater for combined aerobic and resistance training (an 
additional 0.5% reduction). These results are consistent with a large body of evidence about the meta-
bolic benefits of moderate intensity exercise in terms of better glycemic control for patients with 
T2DM  (233) . Regular physical activity is also important for the reduction of the risk of developing 
T2DM  (22,   152,   250) . Recently, Sui et al.  (251)  confirmed this in an observational cohort of 6,249 
women aged 20–79 years that were free of diabetes at baseline. During a 17-year follow-up, 143 cases 
of T2DM occurred. In multivariate analysis (including BMI), comparing the least fit third with the 
upper third of cardiorespiratory fitness there was a highly significant 39% reduction in the develop-
ment of diabetes. From a practical perspective, a large body of evidence has led to recent “minimum 
recommendations” by the American College of Sports Medicine and the American Heart Association 
 (252,   253)  for physical activity. These recommend 30 min of moderate intensity (or 20 min of vigor-
ous intensity) exercise 5 days per week for individuals between 18 and 65 years of age and to be 
adapted as possible to individual 65 and older or with chronic medical conditions as functional capac-
ity allows. Fitness is a significant mortality predictor in older adults, independent of overall or 
abdominal adiposity and even after adjustment for smoking, baseline health, and either BMI, waist 
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circumference, or percent body fat  (51) . Clinicians should be aware of the importance of preserving 
functional capacity by recommending regular physical activity for overweight and obese insulin-
resistant subjects, particularly in a high-risk category for developing T2DM (i.e., positive FH in a 
first-degree relative, ethnic minority, and history of gestational diabetes).   

  FFA AND THE LIVER  

  FFA and Hepatic Insulin Resistance 
 Insulin tightly regulates the rate of endogenous glucose production (EGP). Hepatic glucose produc-

tion accounts for the majority ( ³ 90%) of glucose output in the fasting state, except for a small propor-
tion arising from renal gluconeogenesis  (254) . The rate of EGP is important under fasting conditions 
to provide glucose for the metabolic needs of glucose-dependent tissues such as the brain and red 
blood cells. In lean insulin-sensitive healthy subjects, modest increases in the plasma insulin concen-
tration (i.e., from 5  μ U/mL to 40  μ U/mL) rapidly inhibit EGP by 70–80% and nearly completely 
suppress EGP when they reach 50–100  μ U/mL  (199,   255,   256) . In contrast, in nondiabetic insulin-
resistant subjects, such as obese individuals or lean subjects with a strong FH of T2DM, to maintain 
the rate of EGP within normal limits the fasting plasma insulin concentration needs to be two to 
threefold higher than in lean insulin-sensitive individuals. Fasting hyperglycemia has been shown in 
many studies to be closely correlated to the rate of EGP in T2DM, as insulin secretion cannot com-
pensate adequately for hepatic insulin resistance and there is a progressive increase in the rate of EGP, 
particularly when the plasma glucose rises above 140–180 mg/dL  (199,   255–  257) . Glucogenolysis is 
particularly sensitive to small increases in the plasma insulin concentration, while inhibition of glu-
coneogenic flux requires higher levels of insulin  (258–  261) . In T2DM, overproduction of glucose by 
the liver is primarily due to resistance of hepatic gluconeogenesis to insulin action, while glyco-
geonlysis appears to preserve better its response to the inhibitory action of insulin  (258–  260) . 

 Insulin acts directly by binding to hepatic insulin receptors and thereby activating insulin signaling 
pathways in the liver. Insulin’s indirect effects to regulate hepatic glucose production include reduc-
tion of pancreatic glucagon secretion  (262,   263) , possible effects at the level of the hypothalamus 
 (264) , and decreased substrate availability in the form of amino acids and FFA for gluceogenesis by 
inhibiting muscle protein catabolism and adipose tissue lipolysis, respectively  (265) . Some have advo-
cated that the indirect effects of insulin on peripheral tissues (mainly on adipose tissue) are keys to 
controlling hepatic glucose production  (266) . However, recent evidence suggests that while FFA is 
important to glucose production by the liver, the direct effects of insulin on hepatocytes have primacy 
in the regulation of EGP  (267) . 

 Plasma FFA levels play an important role in the relation to hepatic insulin sensitivity and glucose 
production in humans. In rodents, an increase in FFA supply causes insulin resistance and activates 
the proinflammatory nuclear factor- κ B pathway  (268,   269) , while perfusion of isolated rat livers with 
palmitate or oleate decreases insulin-receptor, IRS-1, PI 3-kinase, and Akt phosphorylation  (270) . In 
dogs, elevated plasma FFA also stimulates hepatic glucose production and activates proinflammatory 
pathways that inhibit insulin signaling  (271) . In lean healthy subjects, FFA have been reported to 
induce insulin resistance by stimulating both gluconeogenesis  (272)  and glycogenolysis  (261) . In 
insulin-resistant states such as obesity and T2DM, adipose tissue is the primary source of fatty acids 
in insulin-resistant states  (273,   274) , and elevated plasma FFA provide the liver with energy (ATP) 
and carbons to drive gluconeogenic pathways and de novo lipogenesis  (275) . Increased plasma FFA 
also causes the dyslipidemia typically seen in insulin-resistant states, with increased rates of VLDL 
secretion, which in turn lower plasma HDL and lead to the formation of small dense LDL. Thus, 
adipose tissue insulin resistance with increased flux of FFA to the liver can lead to the full spectrum 
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  Fig. 7.    Multiple abnormalities drive hepatic lipogenesis in insulin-resistant states. Excessive rates of lipolysis from 
adipose tissue increase plasma free fatty acids ( FFA ) and provide abundant substrate to the liver for triglyceride syn-
thesis. Hyperinsulinemia activates SREBP1c and hyperglycemia ChREBP to stimulate hepatic steatosis. The clinical 
manifestations are common to patients with metabolic syndrome and type 2 diabetes mellitus ( T2DM ), increased fast-
ing plasma glucose and atherogenic dyslipidemia.       
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of metabolic abnormalities that are so common clinically today, as summarized in Fig.  7 . In our hands, 
a combined low-dose lipid and glucose infusion for 2 days can reproduce all the abnormalities seen 
in the MS in nondiabetic subjects genetically predisposed to T2DM: an increase in blood pressure, 
elevated triglycerides, and low HDL-C and systemic inflammation evidenced by an increase in 
hsCRP, ICAM (inter cell adhesion molecule)/VCAM (vascular cell adhesion molecule)   , etc.  (245) . 
Moreover, 2–3 days of elevated plasma FFA in lean FH+ reduces insulin clearance and promotes 
chronic peripheral hyperinsulinemia, as has been reported in insulin-resistant states such as in obesity, 
PCOS, women with a history of gestational diabetes mellitus (GDM) and T2DM  (141) . An acute (2–6 
h) pharmacological (five to tenfold) elevation of plasma FFA levels  (82,   129,   132,   276) , as well as 
low-dose chronic (48 h) lipid infusions  (141) , induce hepatic insulin resistance, while reduction of 
plasma FFA by acipimox partially restore hepatic insulin sensitivity  (225) . Taken together, these stud-
ies highlight the close relationship between increased FFA supply and hepatic insulin sensitivity. But 
perhaps where this interplay is best exemplified from a clinical standpoint is in the metabolic abnor-
malities observed in NAFLD.   

  Why do Obesity, T2DM, and NAFLD Cluster? 
The Liver as the “Metabolic Sensor” of Lipotoxicity 

 NAFLD is a chronic liver condition frequently associated with T2DM and characterized by insulin 
resistance and hepatic fat accumulation. Liver fat may range from simple steatosis to severe steato-
hepatitis with necroinflammation and variable degrees of fibrosis (nonalcoholic steatohepatitis or 
NASH). About 40% of patients with NAFLD develop NASH  (277–  279) , with an early study reporting 
progression to fibrosis and/or cirrhosis in 15–20% of NASH  (280) , although it is believed to be as 
high as 40% from data of more recent series  (281–  284) . Moreover, recent evidence suggests that the 
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lifespan of patients with NAFLD is significantly shortened not only by a liver-related morbidity but 
also by a higher incidence of CVD  (285,   286) . 

 As with obesity and T2DM, there is also considerable concern that NAFLD and NASH are reach-
ing epidemic proportions  (287) . However, the true magnitude of the disease is not appreciated by 
many clinicians because the majority (~70%) of patients affected have normal liver enzymes  (279, 
  288–  290) . It has been recently estimated that fatty liver disease affects ~1/3 of the adult population or 
~80 million Americans, and as many as ~2/3 of obese subjects in the United States  (278,   279,   288) . 
In a large population-based study ( n  = 2,287 subjects) performed in Dallas, Texas, in which liver fat 
was evaluated by means of the gold-standard MRS technique, 34% of the population had a fatty liver, 
being much more common in Hispanics (45%) compared to whites (33%) and African–Americans 
(22%)  (288) . That adult Hispanic are affected more than Caucasians and African–Americans has been 
confirmed by others even after adjusting for major confounding variables  (94,   96,   99,   101,   291–  294) . 
Recent studies indicate that the prevalence of NAFLD is also rapidly increasing in children and ado-
lescents, particularly in those of Hispanic ancestry  (94,   291,   293) , being strongly associated with the 
triad of insulin resistance, increased visceral fat, and hypoadiponectinemia  (105) . 

 While obese patients with the MS and T2DM are more prone to fatty liver and develop more severe 
disease (NASH), the reasons are unclear and most other aspects of the disease in T2DM remain poorly 
understood. It is tempting to speculate that the liver is like a “metabolic sensor” with the degree of 
steatosis being a reflection of the ability of the body to cope with a lipotoxic environment. There is 
an increasing awareness that insulin resistance, lipotoxicity, and T2DM are major risk factors for fatty 
liver disease, necroinflammation, and fibrosis. Still the information available on the natural history of 
the disease with paired biopsies is limited to a handful of small studies  (281–  284) . In these studies, 
involving from 22 to 103 patients with an average follow-up ranging from 3.2  (283)  to 13.8 years 
 (284) , fibrosis progressed over time in 32–41% of patients with NAFLD  (281–  284) . However, disease 
remained stable in 34–50% of patients and even improved in a minority. This has brought attention to 
try to dissect and understand better the prognostic factors that may lead to disease progression over 
time. Obesity  (281–  284)  and T2DM  (281–  284)  have been the two most prominent factors of poor 
prognosis, while elevated liver enzymes (ALT (aldnine aminotransferase) or AST (aspartate)/ALT    
ratio) have been of much less value to predict future disease, with levels frequently being normal even 
in cases of advanced disease. Some studies have compared subjects with NAFLD who had chronically 
elevated plasma ALT concentrations to individuals with persistently normal ALT levels and found that 
the prevalence of advanced fibrosis and cirrhosis was similar in both groups  (295,   296) . Consistent 
with this, others have reported that in the setting of diabetes liver enzymes are poor predictors of 
disease activity  (297,   298) . Complicating the issue is the accepted finding that AST tends to fall over 
time with the progression of fibrosis and development of cirrhosis  (283) , making liver transaminases 
unreliable to identify patients at greater risk of advanced disease or to monitor therapy. 

 Many studies have reported that long-term prognosis in NAFLD varies widely depending upon the 
initial stage at diagnosis and the presence or not of obesity, MS, or T2DM. For example, the vast 
majority of patients with cryptogenic cirrhosis are obese or have T2DM  (299) . Several studies have 
confirmed the strong impact of both factors, but in particular diabetes, to the progression of disease 
(e.g., fibrosis)  (280–  284,   295–  298,   300–  305) . Angulo et al. found that the combination of diabetes 
and obesity were predictors of advanced fibrosis in 66% of patients  (300) . Hyperglycemia was identi-
fied as a key factor in disease progression in large early studies by Marceau et al. ( n  = 551)  (303)  and 
Luyckx et al. ( n  = 505)  (304) . Dixon et al.  (302)  reported that 60% of patients with T2DM and 
NAFLD had biopsy-proven NASH, and that advanced fibrosis was present in 75% of those with dia-
betes and hypertension vs. 7% without either condition. Haukeland et al.  (305)  reported that the pres-
ence of diabetes or impaired glucose tolerance (IGT) increased by 3.8-fold the risk of fibrosis in 
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patients with an unexplained elevation in LFT, diabetes being the only independent risk factor for 
NASH. Mofrad et al.  (295)  found that in patients with NAFLD and normal LFTs, 24% had severe 
fibrosis and >10% cirrhosis, concluding that normal plasma ALT levels does not guarantee freedom 
from underlying advanced fibrosis. Again, in this study diabetes was the only factor independently 
associated with increased risk of advanced fibrosis. Even if a low initial fibrosis stage is found, the 
presence of diabetes per se is a risk factor for progression  (283) . 

 Given the poor prognosis that the combination of T2DM and NAFLD have, it is quite surprising 
that few studies have focused on screening patients with diabetes for NASH. A prospective study 
conducted by Gupte et al.  (306)  reported biopsy-proven NASH in 87% of diabetics, 22% having 
moderate to severe disease. In a retrospective analysis of 44 patients with T2DM worked-up for 
NAFLD, Younussi et al. also found that cirrhosis was more prevalent in diabetics vs. nondiabetics 
(25% vs. 10%,  p  < 0.001)  (301) . More importantly, diabetics had increased not only liver-related 
mortality but also CV mortality was increased as well, consistent with recent epidemiological studies 
 (285,   286,   307) . Moreover, by logistic regression analysis, the severity of histological features of 
NAFLD independently predicted carotid intima medial thickness or CIMT (a marker of atherosclerosis 
burden) ( p  < 0.001) after adjustment for all potential confounders  (307) . In another study in 38 
patients with NAFLD, in the absence of morbid obesity, hypertension, and diabetes, had altered left 
ventricular geometry and early features of left ventricular diastolic dysfunction  (308) . While patients 
with T2DM are known to have increased CVD  (309) , long-term studies have indicated that CVD is 
also the most common cause of death of patients with NAFLD, even after adjusting for classical CV 
risk factors  (284) . NAFLD may increase CVD in T2DM by promoting a number of atherogenic risk 
factors, including chronic hyperinsulinemia (insulin resistance per se is known to be atherogenic)  (40, 
  310–  312) , by promoting atherogenic dyslipidemia (increased VLDL production, leading to a lower-
ing HDL-C and small dense LDL-C)  (86,   313,   314) , and by the induction of systemic inflammation 
 (64,   223,   315) . 

 It has also been postulated that insulin resistance and/or its clinical correlate of the MS are the most 
reliable indicators of disease severity and future progression  (289,   316) . In a study by Sorrentino 
et al.  (296)  in 80 patients with NAFLD but normal liver enzymes, 65% had NASH and 35% fibrosis, 
with the presence of the MS and long-standing history of obesity being the strongest predictors of 
disease, but not liver transaminase levels. Recently, Gholam et al.  (317)  reported in 97 obese individu-
als a 36% prevalence of NASH and 25% of fibrosis with hyperglycemia (A1c level), insulin resist-
ance, and the MS, but not BMI, being strongly associated with NASH and fibrosis. Even modest 
increases in body weight and plasma triglycerides appear to support the role of insulin resistance in 
NAFLD, as suggested in an elegant study by Ratziu et al.  (318)  that found that a BMI  ³ 28 kg/m 2  and 
elevated triglycerides  ³ 145 mg/dL were both useful predictors of the severity of liver fibrosis. Even 
in nonobese, nondiabetic patients, the presence and severity of NAFLD can be strongly predicted on 
the basis of insulin resistance, central obesity, and elevated triglycerides  (319) . 

 In summary, obese insulin-resistant T2DM patients are at the highest risk of fatty liver disease and 
progression to NASH and that NAFLD should be aggressively pursued in this population, although still 
today little is done to identify patients with the condition in routine clinical practice. The clustering of 
MS, T2DM, and NAFLD does not occur by chance, these conditions being tied together by the lipotoxi-
city brought about by adipose tissue insulin resistance. Lipotoxicity creates a permissive environment 
for NAFLD. However, despite the accepted role of excessive fat supply and inflammation to the patho-
genesis of NAFLD, we cannot satisfactorily explain why some lean subjects develop NASH or some 
obese (or T2DM) individuals are spared from developing a fatty liver. Moreover, why fatty liver evolves 
into NASH in only ~30–40% of patients or cirrhosis in just ~10% is puzzling. It is possible that if more 
careful measures of insulin resistance and/or FFA metabolism are done we will be able to identify a 
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profile of subjects prone to NAFLD and/or NASH, although it is likely that development of disease will 
depend on the adaptive flexibility of target tissues, primarily the liver, to adapt to the insult.  

  Is NASH a Mitochondrial Disease? 
 There is an increasing consensus that the inability of the mitochondria to adapt to insulin resistance 

and lipotoxicity play a key role in the development of fatty liver disease and NASH [reviewed in-
depth by  (223,   320–  322)] . Adipose tissue insulin resistance, oversupply of FFA to the liver and the 
development of a state of local and systemic chronic inflammation are at center stage in the develop-
ment of steatosis and liver damage in NAFLD. A key determinant for hepatic fat accumulation is the 
inability of the liver to adapt to the excessive FFA supply from dysfunctional, insulin-resistant adipose 
tissue. There may also be an altered composition of the fat that accumulates in fatty liver disease, with 
an increased content of TAG and DAG, and a shift toward a progressive increase in the TAG/DAG 
ratio, as patients progress from simple NAFLD to NASH  (323) . Adipose stores account for about 
~60–70% of the FFA used for hepatic fat synthesis and for the secretion of VLDL in the setting of 
NAFLD and in obesity  (273,   274) . This excess FFA load places mitochondria within hepatocytes 
under severe functional stress, as their ability to increase fatty acid oxidation is limited in humans. An 
alternative adaptive mechanism by the liver in the setting of excessive FFA supply, chronic hyperin-
sulinemia, and hyperglycemia (all factors associated with increased hepatic triglyceride synthesis) is 
to increase the secretion of VLDL. This may be the way nature attempts to “unload” hepatic fat to 
prevent massive steatosis and may explain why so frequently high triglycerides and low HDL-C are 
seen in patients with MS, T2DM, and NAFLD. However, both mechanisms seem unable to prevent 
triglyceride accumulation in subjects that develop NAFLD. When mitochondrial adaptation is offset 
by chronic fat overload, it triggers the release of reactive oxygen species (ROS) with stimulation of 
Kupffer cells (local macrophages) and production of a myriad of cytokines that cause a chronic activa-
tion of multiple inflammatory pathways (i.e., JNK, NF- κ  β )  (223,   324) . In rat liver, FFA have been 
reported to clearly induce hepatic/peripheral insulin resistance and activate the proinflammatory ser-
ine/threonine kinases and the NF- κ  β  pathway  (268,   325) , promote the accumulation of DAG and 
increase the expression of TNF- α  and IL-1 β   (268) , and impair insulin signaling  (325) , while both 
salycilate  (325)  and inhibition of hepatic lipid synthesis in high-fat-fed rats with antisense oligonu-
cleotides prevents the development of steatosis  (326–  328) . 

 Therefore, one may postulate several steps in the development of NASH. The “first step” in obese 
individuals is adipose tissue insulin resistance and the development of a lipotoxic environment. The 
“second step”” will depend on the ability of the liver to adapt to the fat load or not. Adaptation will 
depend on two main factors: the genetic background of the individual and the magnitude of the insult. 
The insult will commonly be varying degrees of adipose tissue expansion, insulin resistance, FFA flux 
to the liver ± chronic food overload, or additional factors such as genetically-determined insulin 
resistance (i.e., in lean subjects), hyperglycemia (i.e., in diabetes), concomitant conditions/medica-
tions associated with insulin resistance, and others. Genes will likely establish the metabolic flexibil-
ity of the liver to refrain from excessive lipogenesis, the oxidative capacity of mitochondrial 
hepatocytes to utilize fat, or to export triglycerides through VLDL secretion, all measures aimed at 
averting excessive accumulation of liver fat and the production of lipid-derived toxic metabolites and 
activation of inflammation. The “third step” will depend on the latter, that is, whether the hepatocytes 
will have enough metabolic flexibility to adapt with the “lipotoxic insult,” or on the contrary, will 
collapse leading to the formation of reactive oxygen species and activation of inflammatory pathways. 
Failure will cause a chronic inflammatory and fibrotic response that might spiral out of control and 
lead progressively to end-stage liver disease. One may also consider if there is not also a “fourth step” 
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from the cross-talk between stellate cells responsible for fibrogenesis and inflammatory pathways that 
may explain why severe fibrosis and cirrhosis develops just in a minority of patients who have chronic 
liver inflammation in NASH, an area that remains poorly understood. 

 Unfortunately, almost all the information available about NAFLD/NASH arises from animal mod-
els of the disease (largely rodents) with very limited information from human studies. An example of 
the shortcomings arising from animal data can be appreciated when examining the discrepant effects 
of fibrates and of rosiglitazone in mice compared to human studies. For example, fenofibrate mark-
edly reduces hepatic steatosis and improves hepatic/muscle insulin sensitivity in mice models of fat-
induced insulin resistance, obesity, and steatosis  (329) . In contrast, fenofibrate did not improve liver 
enzymes or hepatic/muscle insulin sensitivity when we treated obese nondiabetic subjects with the 
MS  (330)  or T2DM  (331) . In a similar way, while rosiglitazone has been reported to improve elevated 
liver transaminases and steatosis in humans  (332,   333) , studies in mice report that rosiglitazone 
increases hepatic transaminases and worsens necroinflammation and steatosis  (334) . 

 In NASH there is also altered insulin signaling and diminished activity of key energy regulators 
within the hepatocyte, such as AMP-activated protein kinase (AMPK), PGC-1 α , PPAR- α , PPAR- γ , 
and others  (321,   335) . Adiponectin is also believed to play an important role in the pathogenesis of 
the fatty liver disease. Adiponectin plays a key role by regulating the activity of AMPK to inhibit 
lipogenesis  (127,   223,   336–  340)  and also has systemic antiinflammatory effects  (57,   127,   341,   342) . 
Adiponectin gene expression is decreased in states of adipose tissue insulin resistance, such as in 
muscle  (343)  or adipose tissue of first-degree relatives of type 2 diabetic patients  (344)  or in obese 
patients with T2DM  (345)  or with NAFLD  (346) . Plasma adiponectin levels are also abnormally low 
as the result of dysfunctional adipose tissue in obese T2DM with NAFLD or NASH  (64,   345–  348) . 
Hypoadiponectinemia and steatosis is already frequently seen in childhood obesity and strongly asso-
ciated with insulin resistance and increased visceral fat  (105) . In this setting it becomes evident that 
beyond lifestyle intervention, effective pharmacological treatments will have to target adipose tissue 
metabolism and either increase plasma adiponectin concentration, ameliorate excessive adipose tissue 
lipolysis and FFA delivery to slow hepatic lipogenesis and deactivate inflammatory pathways.  

  Can Weight Loss and Exercise Improve NAFLD? 
 In general studies examining the effect of weight loss in fatty liver disease have been uncontrolled 

or of short duration, providing limited guidance for long-term management. Most have not used 
sophisticated measurements to assess insulin secretion or action, nor performed liver biopsies before 
and after to correlate weight loss with histological improvement, but have rather used surrogate mark-
ers such as liver transaminases or imaging. It is also unclear what kind of exercise would best improve 
hepatic insulin sensitivity and/or lead to the greatest loss of liver fat or histological improvement. 
It is also evident that until we better understand the mechanisms that lead to hepatic steatosis, inflam-
mation, and fibrosis, exercise prescriptions (frequency, duration, what kind of exercise program, etc.) 
in NAFLD will not have a clear target and will remain rather empiric. 

 Beyond these limitations, there appears to be benefit from lifestyle modification involving increased 
physical activity and/or weight loss to reverse fatty liver disease, although the results have been vari-
able  (349–  351) . Intervention studies in patients with NAFLD illustrate the same kind of difficulties 
in achieving and maintaining weight loss that clinicians face in clinical practice. In a meta-analysis of 
13 weight reduction studies spanning between the years 1967 through 2000, Wang et al.  (349)  found 
that most studies were typically small (only 3 had more than 50 patients while 9 had 25 or fewer 
subjects enrolled), uncontrolled (10 were case series), and frequently used a surrogate primary end 
point (i.e., liver aminotransferase levels instead of liver histology in 8 of the 13 trials). In the few 
studies that performed a liver biopsy before and after weight loss, only steatosis improved, but not 
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necroinflammation or fibrosis. Moreover, improvement in aminotransferase levels did not necessarily 
translate into improved liver histologic scores, something well documented in a recent trial we per-
formed in patients with NASH  (64) . 

 The effect of exercise per se (independent of weight loss) in NAFLD has not been well studied. 
Most of the intervention studies in NAFLD have concentrated on the effect of weight loss alone, 
although a few studies have included exercise as part of the treatment program  (349,   352–  356) . 
Studies have been small (15–65 patients), of short duration (12–16 weeks) and largely used as the 
primary endpoint surrogate markers (i.e., AST/ALT and/or ultrasound). Only Ueno et al. performed 
liver biopsies before and after 3 months of diet and exercise and found a reduction in steatosis  (354) . 
Moreover, none of these studies were designed to examine the effects of exercise per se from that of 
weight loss, but rather how both interventions were applied as part of an integrated lifestyle interven-
tion. Recently, this issue was addressed by Tamura et al.  (357)  in 14 patients with T2DM exposed to 
a 2-week hypocaloric diet with or without moderate exercise (30-min exercise program – five to six 
times per week). Limitations of the study included the small sample size, short duration of the study, 
and unclear monitoring/compliance regarding the diet and activity program. Overall metabolic effects 
were small but insulin sensitivity slightly improved by exercise although such an exercise program 
had no significant impact on liver fat, being equally reduced in both groups by 27%  (357) . 

 Recently, Huang et al.  (358)  reported a trend toward a histologic improvement but not a signifi-
cant benefit after a year-long, intense nutritional counseling program in patients with nonalcoholic 
steatohepatitis. Those that lost more weight overall did better, but weight reduction was overall 
modest (−2.9 kg) in the two-thirds of patients who successfully completed the study. In a 6-month 
randomized controlled trial of weight loss plus pioglitazone or placebo, we only observed a mild 
reduction in inflammation in the diet-plus-placebo arm and a trend toward reduction in steatosis in 
the subjects. The results were overall similar in only those who lost a significant amount of weight 
were analyzed (unpublished   ). Nevertheless, weight reduction must be emphasized in NAFLD and 
NASH patients, with some studies reporting a significant reduction in liver steatosis as measured by 
MRS in small ( n  = 7–10), short-term low-fat calorie restriction studies lasting anywhere from 2  (357, 
  359)  to 12 weeks  (360)  and involving nondiabetic obese  (357,   360)  or T2DM  (359)  patients with 
NAFLD. 

 Dietary composition may be another important but frequently overlooked aspect related to exces-
sive hepatic fat deposition, as been suggested in single case reports  (361)  and small case series ( n  = 5) 
 (362)  in which low-carbohydrate diets were of particular benefit to rapidly reduce steatosis and 
elevated ALT in subjects with NAFLD. Recently, Ryan et al.  (363)  examined the effect of two hypoc-
aloric diets containing either 60% carbohydrate/25% fat or 40% carbohydrate/45% fat (15% protein) 
for 16 weeks in 52 insulin-resistant obese subjects. While both diets resulted in significant decreases 
in weight, insulin resistance, and serum ALT concentrations, the low carbohydrate diet improved all 
three parameters significantly more than the high carbohydrate diet. Reduction of steatosis and of 
plasma triglycerides concentration by low carbohydrate diets is likely related to downregulation of 
hepatic sterol regulatoryelement-binding proteins (SREBP) activity by the amelioration of chronic 
hyperinsulinemia and by lowering the postprandial glucose load that stimulates hepatic ChREBP de 
novo lipogenesis  (335) . However, long-term controlled trials using histologic findings as the primary 
endpoint remain very much needed. Of note, there was some concern from early studies  (304,   364)  
that abrupt and/or massive weight loss with bariatric surgery could be detrimental in terms of para-
doxically exacerbating liver inflammation and fibrosis. This concern has abated considerably as more 
recent bariatric surgery series report significant histological improvements, possibly associated with 
less malnutrition and procedure-related complications  (365) . Furthermore, bariatric surgery is now 
backed by large, long-term follow-up studies showing a significant decrease in overall- and diabetes-
related mortality by these procedures  (366,   367) . 
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 Weight loss remains the standard of care in NAFLD because no pharmacological therapy has con-
clusively proven to be effective in the long term. Pharmacological therapies with modest benefit have 
included pentoxifilline, orlistat, vitamin E, cytoprotective agents, ursodeoxycholic acid, and lipid-
lowering agents  (368) , while insulin sensitizers such as metformin  (369)  and thiazolidinediones 
yielded provocative results in small uncontrolled studies in NASH  (332,   370,   371) . We recently 
demonstrated in a randomized, double-blind, placebo-controlled trial that pioglitazone treatment for 
6 months in patients with T2DM and NASH significantly improved glycemic control, glucose toler-
ance, insulin sensitivity, and systemic inflammation  (64) . This was associated with a 50% decrease in 
steatohepatitis ( p  < 0.001) and a 37% reduction of fibrosis within the pioglitazone-treated group 
(−37%,  p  < 0.002), although this fell short of statistical significance when compared with placebo 
( p  = 0.08). Our results provided “proof-of-principle” that pioglitazone may be the first agent capable 
of altering the natural history of the disease. However, definitive proof requires establishing its safety 
and efficacy in a large long-term clinical trial.   

  PANCREATIC  β -CELL LIPOTOXICITY AND THE DEVELOPMENT OF T2DM  

 There have been a number of in-depth reviews detailing the intricate interaction between FFA and 
glucose to tightly adapt insulin secretory needs under basal and postprandial conditions  (148,   276, 
  372–  376) . Here we will only highlight some aspects that help explain at the clinical level the role of 
 β -cell lipotoxicity in the pathogenesis of T2DM and the link between both the epidemics of obesity 
and T2DM. Chronic hyperinsulinemia is an adaptation to insulin resistance that allows in the majority 
of individuals to maintain the 24-h plasma glucose levels within the normal range. Hyperglycemia 
develops when this compensation fails, although subtle defects in insulin secretion are present long 
before the development of frank hyperglycemia in lean healthy FH+ subjects with normal glucose 
tolerance  (141) . As the fasting plasma glucose rises from normal to ~120 mg/dL, there is a gradual 
loss of first-phase insulin secretion (i.e., 0–10 min) in response to intravenous glucose  (129) . Second-
phase insulin secretion (i.e., insulin secretion produced after the initial 10 min) also decreases as 
glucose tolerance worsens in FH+ subjects prone to T2DM. This become quite evident in later stages 
of the disease, as subjects develop IFG or IGT  (91,   129,   276) . For example, in data from the San 
Antonio Metabolism (SAM) study in 388 subjects with either NGT, IGT, or T2DM,  β -cell dysfunc-
tion is already present long before the development of a 2-h plasma glucose of >140 mg/dL, which is 
the current definition of IGT. Moreover, in this cohort of otherwise healthy subjects, by the time the 
2-h glucose was between 121 and 140 mg/dL (6.7–7.8 mmol/L) there was already a ~50% decline in 
insulin secretion, with more than a 90% deterioration when the 2-h plasma glucose reached above 200 
mg/dL (11.1 mmol/L). Once hyperglycemia develops,  β -cell function deteriorates rather rapidly over 
time  (377) . Poor understanding of the underlying mechanisms causing this relentless decline in  β -cell 
function over time has seriously limited the ability to implement rationale preventive interventions in 
subjects at high-risk of developing T2DM later in life. However, recent basic and clinical studies 
highlighting the importance of the glucose-fatty acid cross-talk that controls insulin secretion hold 
promise toward the prevention of T2DM by earlier interventions that may remove  β -cell lipotoxicity 
(i.e., lifestyle interventions and/or thiazolidiendiones). 

  Role Fatty Acids in the Control of Insulin Secretion 
 In the fasting state, plasma FFA (not glucose) is the primary energy substrate for sustaining insulin 

secretion  (378) . Following a meal, pancreatic  β -cells switch from using FFA to glucose as the pre-
ferred energy source. This occurs as glucose enters the  β -cell by high-capacity, low-affinity GLUT2 
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transporters and is rapidly phosphorylated to glucose-6-phosphate (G-6-P) by glucokinase that acts as 
the glucose sensor or “pacemaker” for insulin secretion  (379) . Glucokinase is the rate-limiting step 
for insulin secretion as the capacity of GLUT2 to transport glucose inside the  β -cell is much greater 
than the capacity of glucokinase to phosphorylate it. Most of the glucose is then converted through 
glycolysis to pyruvate ( β -cells have limited capacity to generate glycogen or lactic acid from glucose), 
entering the mitochondria and generating ATP through the Krebs cycle as acetyl-CoA. This promotes 
the formation of citrate, which is transported to the cytoplasm inhibiting CPT-1, which is the trans-
porter of fatty acids (as long-chain fatty acyl-CoA) into the mitochondria. This way, malonylCoA acts 
as the metabolic “switch” for insulin secretion from the fasting to the fed state: FFA goes from being 
oxidized as a fuel for basal insulin secretion in the fasting state, to being stored within the  β -cell dur-
ing the fed state for use in the next period of fasting. This rapid fuel switch requires intact mitochon-
drial function capable to adapt immediately to the changing metabolic state. It also seems that the 
composition of circulating fatty acids has a significant impact on the ability of fatty acids to promote 
glucose-stimulated insulin secretion, such that exposure to saturated fatty acids stimulates much more 
insulin secretion compared to unsaturated fats, although this remains to be confirmed in humans 
 (380–  382) . Therefore, it is important to recognize the importance of FFA (either exogenous or endog-
enous from lipolysis) to support normal insulin secretion and that a rapid increase of FFA may acutely 
potentiate glucose-stimulated secretion by increasing fatty acyl-CoA or complex lipids within the 
 β -cell that act distally by modulating insulin exocytosis upon demand. Long chain acyl-CoA controls 
multiple functions within the  β -cell, including function of ion channels, activation of PKC, nitric 
oxide-mediated apoptosis, protein acylation, transcription activity, and ceramide formation. The abil-
ity of the  β -cell to switch between endogenous fatty acid synthesis and oxidation is critical to optimal 
function and molecular defects secondary to plasma FFA oversupply lead to the accumulation of reac-
tive “toxic” lipids (i.e., ceramide and DAG)  (148,   276,   372–  376) . Therefore, a chronic increase of 
plasma FFA, meant to enhance basal and glucose-stimulated insulin secretion in obesity and in other 
insulin-resistant states, may lead in a minority of FH+ subjects to  β -cell lipotoxicity and tip them over 
to diabetes, as they appear to have genetically-determined diminished  β -cell adaptation to excess FFA 
supply, as discussed below.  

  Pancreatic  b -Cell Lipotoxicity: Evidence from Studies in Subjects Genetically 
Predisposed to T2DM 

 The potential for fatty acids to cause  β -cell lipotoxicity in vitro and in vivo, in many cases with 
subsequent apoptosis (depending on the cell line or animal model) has generated substantial interest 
as an explanation for the development of T2DM  (372–  376) . The concept of  β -cell lipotoxicity was 
championed initially by Unger in a series of elegant experiments in islets of leptin-unresponsive 
Zucker diabetic (ZDF) rats  (147,   148) . In brief, excess palmitoyl CoA would enter the ceramide path-
way as it condenses with  l -serine by the enzyme serine palmitoyl transferase (SPT). Ceramide induces 
inducible nitric oxide synthase (iNOS) and also promotes, through the activation of the NF- κ  β  path-
way, the formation of ROS that lead to lipoapoptosis. It has been well demonstrated in vitro or in vivo 
that if ceramide production is prevented (i.e., by dietary restriction or AMPK activation by different 
means of agents such as AICAR, leptin, or thiazolidiendiones),  β -cell lipotoxicity can be averted or 
greatly diminished in animals  (148) . 

 As discussed above, acute fatty acids stimulate insulin secretion  (372–  376) , but chronic exposure 
to increased levels of fatty acids for ~24–48 h has been shown to impair  β -cell function in vitro  (383)  
and in vivo  (384,   385) . It is now clear that oxidative stress plays an important role during chronic 
exposure to fatty acids and that it can be prevented in vitro and in vivo by coadministration of 
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antioxidants such as  N -acetylcysteine (NAC) or taurine  (386) . In humans, an acute elevation in 
plasma FFA either has no effect  (387,   388)  or enhances  (389,   390)  glucose-induced insulin secretion, 
but the effect of a more prolonged increase in plasma FFA on glucose-stimulated insulin secretion has 
yielded variable results. In lean healthy subjects, a 24–48-h lipid infusion has been reported to increase 
 (391–  393) , not significantly change  (390) , or decrease  (389)  insulin secretion. In obese insulin-
resistant individuals, a 48-h lipid infusion has been reported to reduce insulin secretion by 20%, but 
plasma insulin concentration increased due to a ~50% reduction in insulin clearance  (394) . In subjects 
with T2DM, who already have a marked impairment in  β -cell function, an increase in plasma FFA 
concentration for 2 days by a lipid infusion did not further worsen insulin secretion  (394) . These 
conflicting results may be explained, in part, by differences in study populations, plasma FFA levels 
achieved, variable duration of lipid infusion, or concomitant glucose infusion/hyperglycemia  (391) . 

 Given the potential clinical implications about the role of FFA and lipotoxicity, we felt important to 
determine whether the lipotoxicity hypothesis could apply to healthy FH+ glucose-tolerant subjects 
genetically prone to T2DM, and whether the response to elevated plasma FFA would differ in FH+ 
subjects compared to those without any FH of T2DM (controls). To make it clinically relevant, we used 
a prolonged (72-h) but  physiological  increase in plasma FFA concentration (~600–700  μ mol/L) as 
discussed earlier during studies examining insulin action in muscle. We studied 21 young healthy with 
(FH+,  n  = 13) and without (controls,  n  = 8) a FH of type 2 diabetes  (141) . Of note, both groups were 
well matched and subjects were lean and with no clinical features of the MS, having normal glucose 
tolerance, blood pressure, and plasma lipid profile. They were admitted twice to the clinical research 
center and received, in random order, a lipid or saline infusion. On days 1 and 2, insulin secretion was 
measured as part of a metabolic profile following mixed meals and in response to a +125 mg/dL hyper-
glycemic clamp (morning of day 3). Insulin action was examined on day 4 by the gold-standard eug-
lycemic insulin clamp technique. Day-long plasma FFA concentrations with lipid infusion increased to 
levels seen frequently in obesity and T2DM (~600–700  μ mol/L). A sustained elevation in plasma had 
strikingly opposite effects on insulin secretion between lean young healthy adults with or without a FH 
of T2DM. Day-long plasma C-peptide levels on days 1 and 2 increased with lipid infusion in controls 
but decreased significantly in the FH+ group (+28 compared to −30%, respectively,  p  < 0.01), as illus-
trated in Fig.  8 . During the hyperglycemic clamp (Fig.  9 ), lipid infusion enhanced the insulin secretion 
rates in controls but decreased  β -cell function in the FH+ subjects: first-phase insulin secretion 
increased by 75% in controls compared to 60% reduction in FH+ subjects ( p  < 0.001), while second-
phase insulin secretion increased by 25% compared to a 35% reduction in FH+ individuals ( p  < 0.04). 
Because insulin secretion adapts to the prevailing insulin resistance, we then adjusted the insulin secre-
tion rate (ISR) for the degree of insulin resistance (as the inverse of the rate of insulin-stimulated glu-
cose disposal or  R d) as measured during the euglycemic insulin clamp on day 4. We called this index 
ISR 

Rd
  (ISR 

Rd
  = ISR/[1/ R d]. By doing so, the inadequate  β -cell response in the FH+ group became even 

more evident, as shown in Fig.  10 . Although ISR 
Rd

  was not different between the two groups before 
lipid infusion, in the FH+ subjects lipid infusion reduced significantly first- and second-phase ISR 

Rd
  to 

25 and 42% of that in control subjects, respectively (both  p  < 0.001). Lipid infusion in the FH+ group 
(but not in the controls) also caused severe hepatic insulin resistance with an increase in basal EGP, 
despite an elevation in fasting insulin levels, and also impaired suppression of EGP to insulin. However, 
peripheral (muscle) insulin resistance did not worsen by the mild elevation in plasma FFA.    

 From these set of studies we concluded that in subjects genetically predisposed to T2DM, a sustained 
physiological increase in plasma FFA impairs insulin secretion in response to mixed meals and to intra-
venous glucose. This was the first documentation in humans that lipotoxicity may play a central role in 
the development of T2DM in genetically predisposed subjects. Moreover, it also served as “proof-of-
concept” that  β -cell lipotoxicity, but not a worsening of muscle insulin resistance, may be the most 
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  Fig. 8.    Area under the curve ( AUC ) values for plasma C-peptide concentration (ng/mL) after breakfast (0800–1,200), 
lunch (1,200–1,800), and dinner (1,800–2,400) during the 48-h metabolic profile in control subjects (CON) ( a ) and 
in subjects with a strong family history of type 2 diabetes (FH) ( b ).  Open columns , saline infusion;  closed (black) 
columns , lipid infusion. ( c ) lipid-induced change. This panel summarizes the C-peptide area under the curve  change  
induced by a 4-day lipid infusion compared with the respective salinestudy.  LIP  lipid infusion;  SAL  saline infusion. 
Data are means SE.  *  p  < 0.05 vs. saline;  **  p  < 0.05 vs. controlsubjects;  ***  p  < 0.01 vs. control subjects. Adapted from 
Kashyap et al. (141).       

important feature determining the progression from normal glucose tolerance to overt hyperglycemia. 
If extended to the population at large, one may speculate that lipid-induced  β -cell lipotoxicity may be 
the underlying mechanism for the observation that progression to T2DM is closely tied to the presence 
of obesity  (251,   395,   396)  and/or elevated plasma FFA  (59,   395,   397) , although other factors are likely 
to contribute to  β -cell failure over time in T2DM. While there is extensive literature that exposure to a 
chronic elevation of glucose causes  β -cell damage and apoptosis in vitro and in vivo  (136,   373,   376) , in 
human studies this has been harder to prove. In this regard, when a low-dose lipid, glucose, or both 
substrates were infused together (in separate admissions) for 48 h to lean healthy FH+ subjects, only 
FFA (but not hyperglycemia) induced  β -cell dysfunction, suggesting the primacy of lipotoxicity over 
glucotoxicity in the “prediabetic stage” in subjects genetically predisposed to T2DM  (398) .  
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  Fig. 9.    Effect of a chronic physiologic elevation of plasma free fatty acids ( FFA ) by means of a low-dose lipid infusion 
on glucose-stimulated insulin secretion in subjects genetically predisposed to type 2 diabetes mellitus ( T2DM ) (i.e., 
both parents with T2DM). A sustained elevation in plasma had markedly opposite effects on insulin secretion between 
lean young healthy adults with or without a family history of T2DM. Adapted from Kashyap et al. (141)   .       
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  Fig. 10.    Insulin secretion rates ( ISRs ) during the hyperglycemic clamp studies related to the prevailing severity of 
insulin resistance (ISR 

Rd
 ). ( a ) First phase ISR 

Rd
  0–10. ( b ) Second-phase ISR 

Rd
  10–120. Insulin resistance is the inverse 

of insulin-stimulated glucose disposal ( R d), as determined during the euglycemic insulin clamps (1/ R d). When com-
paring control vs. FH subjects, first-phase ISR 

Rd
  is similar during the saline studies; with lipid infusion, first-phase 

ISR 
Rd

  deteriorates in FH subjects, whereas it increases in control subjects. Second-phase ISR 
Rd

  is also reduced by lipid 
infusion in the FH + group but is unchanged in control subjects.  *  p  < 0.01 vs. saline;  **  p  < 0.05 vs. saline;  ***  p  < 0.001 
vs. control subjects; † p  < 0.05 vs. control subjects.       
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  What Strategy to Use to Prevent T2DM in Subjects Genetically Predisposed to T2DM: 
Lifestyle Intervention, Pharmacological Therapy, or Both? 

 It is now clear that lifestyle interventions including dietary modification and regular physical activity 
delay the development of T2DM in genetically predisposed individuals [several excellent reviews 
are available  (22,   23,   152,   250,   396,   399)] . Large prospective trials  (400–  403) , as well as a number 
of smaller ones [included in reviews by Norris et al.  (396) , Gillies et al.  (22)  and Jeon et al.  (250)] , 
have confirmed this notion. In the Diabetes Prevention Program (DPP), the largest of the lifestyle 
intervention trials ( n  = 3,234 nondiabetic persons with elevated IFG and IGT), a lifestyle-modification 
program aimed at having patients reduce their weight by at least a 7% and perform at least 150 min 
of moderate intensity physical activity per week, led to a 58% reduction in the progression to T2DM 
over an average follow-up of 2.8 years as compared with the placebo group  (402) . The mean weight 
loss at the end of the trial was rather modest (~3 kg) with a maximum weight loss of ~7 kg in the first 
year followed by a gradual regain thereafter. The weight loss achieved in the DPP appears to be an 
achievable goal for most patients, something that can be stimulated with simple measures such as the 
use of pedometers  (404) . The DPP also showed that lifestyle intervention could be quite cost-effective, 
as to prevent one case of diabetes over a period of 3 years, only 6.9 persons would need to participate 
in such a program. 

 In addition to lifestyle-intervention, a number of drugs used to treat obesity  (405)  and T2DM, 
including acarbose  (406) , metformin  (402,   407)  and thiazolidinediones  [(408–  411)  and preliminary 
data from the ACT NOW trial using pioglitazone (Ralph De Fronzo, personal communication)  (412)] , 
all have been successful to prevent the development of T2DM in high risk populations, despite very 
different mechanisms of action. This is puzzling as it suggests different/overlapping insults being impli-
cated in  β -cell dysfunction over time and calls for the need to better define the underlying causes. Of 
note, in the DPP most of the impact of metformin could be attributed to the induction of weight-loss 
 (413) . For example, the 1.7-kg weight loss with metformin compared to the 0.3 kg gain with placebo 
alone explained 64% of the beneficial metformin effect on diabetes risk. Adjustment for weight, fast-
ing insulin, proinsulin, and other metabolic factors combined explained 81% of the beneficial met-
formin effect, but it remained nominally significant ( p  = 0.034)  (413) . On the basis of the important 
role of lipotoxicity in T2DM discussed so far in this chapter, the poorly understood and rather unspe-
cific way that metformin appears to prevent the development of T2DM contrasts with the basic and 
clinical data on the impact of thiazolidinediones to restore dysfunctional adipose tissue back to health; 
in humans thiazolidinediones improve the expression of genes involved in lipid synthesis  (344,   346, 
  414) , restore adipocyte sensitivity to insulin and prevent excessive release of FFA to ectopic tissues 
 (64,   331)  (and likely the  β -cell  (148) , although unproven in humans), increase the secretion of 
adiponectin – an effect with vast metabolic implications at the level of the liver  (64,   337,   340,   345, 
  415) , muscle  (127) , and vascular bed  (341,   342)  – and ameliorate the release of inflammatory adipok-
ines from macrophages and adipose tissue linked to insulin resistance  (66,   126)  and atherogenesis 
 (416) . In addition to the prevention of T2DM, early use of pioglitazone may reverse common meta-
bolic complications of patients with IGT and T2DM, such as NAFLD  (64)  or PCOS  (417) , and reduce 
subclinical inflammation  (418)  and atherosclerosis  (419) . Pioglitazone has also been reported to 
reduce the risk of stroke and recurrent myocardial infarction in subjects with established CVD 
 (420–  423) , although for unclear reasons rosiglitazone paradoxically increases myocardial infarction 
in patients with T2DM  (424,   425) . Clinical trials with thiazolidinediones also suggest that they are 
the most promising of the currently available pharmacological agents for the prevention of T2DM 
 (408–  411) . 
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 In summary, until we understand better the mechanisms at play for  β -cell preservation, treatment 
strategies will remain rather empiric for the prevention of T2DM in high-risk subjects. Nevertheless, 
prevention of obesity with amelioration of FFA-induced insulin resistance and  β -cell lipotoxicity 
 (141)  appear as the most logical targets, at least in obese individuals genetically predisposed to dia-
betes. Perhaps in the future early screening for  β -cell lipotoxicity by means of an acute intravenous 
lipid challenge  (426) , or by other means, will offer a unique opportunity to identify those at the high-
est risk, but also with the greatest potential to benefit from early intervention. The benefit of early 
intervention has been recently suggested in a recent analysis of the DPP database, where higher insu-
lin secretion and better insulin sensitivity at baseline were associated with a lower risk of progression 
to T2DM  (427) . From a practical standpoint, we cannot remain passive as the epidemic of T2DM 
looms. While not systematically tested, it is not difficult to envision that a combined approach of early 
lifestyle and pharmacological intervention targeting those at the highest risk will be needed in the 
future to curve the epidemic of T2DM, likely the greatest public health problem of affluent societies 
of the twenty-first century.       
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Abstract

The numbers of people with type 2 diabetes are rising rapidly around the world, making it imperative to 
develop and introduce methods of preventing the condition. A series of clinical trials over the last decade 
has shown conclusively that lifestyle interventions focusing on physical activity, diet, and weight loss can 
reduce the risk of developing type 2 diabetes by approximately 60%. Trials examining pharmaceutical 
interventions have shown that metformin, acarbose, and glitazones also reduce the risk of developing 
diabetes, but have shown no benefit of ACE inhibitors. Although uncertainty remains about the widespread 
use of pharmaceutical agents for diabetes prevention, programmes to implement lifestyle changes in those 
at high risk of developing type 2 diabetes now need to be put in place.

Key words: Type 2 diabetes; Lifestyle intervention; Physical activity; Diet.
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  INTRODUCTION  

 Over recent decades, type 2 diabetes has become a major public health threat. As its prevalence has 
risen, it has become an increasingly important cause of cardiovascular disease (CVD), renal failure, 
visual loss and lower limb amputation. In many developed countries, its rising prevalence threatens 
to reverse the declines in cardiovascular mortality witnessed over the last 40–50 years, whilst in develop-
ing countries diabetes is one of the key factors in the switch from communicable to non-communicable 
diseases. 

 The most recent data suggest that there are currently 246 million adults with diabetes worldwide 
(at least 90% of this is type 2 diabetes), and that this will rise to 380 million individuals by the year 
2025  (1)  ( Fig.    1     ). Although some of the increase in numbers of individuals with type 2 diabetes is due 
to the ageing of the population, lifestyle change has also played a major role in increasing the risk of 
type 2 diabetes. At a population level, the link with lifestyle is demonstrated by the approximately 
fourfold higher prevalence of diabetes among South Asians living in urbanised settings in the UK  (2) , 
Mauritius  (3)  and India  (4) , compared with those living in rural India  (5) . Longitudinal studies have 
demonstrated that reduced physical activity and certain dietary aspects are risk factors for the development 
of type 2 diabetes  (6–  8) , while O’Dea has shown that when Australian aboriginals (who are among 
the populations with the greatest risk for and prevalence of type 2 diabetes) revert from a westernized 
lifestyle to a traditional hunter-gatherer lifestyle, they rapidly show profound metabolic improvement  (9) .  

 The accumulating observational evidence linking both physical activity and diet to type 2 diabetes 
led to the belief that it would be possible to prevent type 2 diabetes with lifestyle change and, poten-
tially, with glucose-lowering drugs. The rising tide of type 2 diabetes and the personal, social and 
societal impact of diabetic complications has made it imperative that all avenues of diabetes preven-
tion are explored, and the last few years have seen the results of a number of major trials of diabetes 
prevention published. 

  Fig. 1 .   The predicted global distribution and increase of diabetes: 2007–2025. The estimate is based on expected 
growth and ageing of the population  (1) . The  upper  and  middle  figures represent the numbers of adults aged 20–79 
(in millions) with diabetes for 2007 and 2025, respectively. The  lower  figures represent the percentage increase in 
numbers between 2007 and 2025.       
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 This chapter will review the findings from the major diabetes prevention trials, with a focus mainly 
on those using lifestyle interventions, but will also describe the results of the pharmaceutical trials.  

  LIFESTYLE INTERVENTION STUDIES  

 A number of small, generally short-term, studies involving participants with various degrees of 
impaired glucose regulation were reported in the 1980s and 1990s  (10–  12) . Most of them had problems 
with design. Generally, however, these studies showed a benefit of healthy (or traditional) lifestyle on 
improving or delaying deterioration of glucose tolerance. 

 There have now been six large controlled and longer-term trials examining the effect of lifestyle 
changes on the progression from impaired glucose tolerance (IGT) to type 2 diabetes. The main life-
style intervention targets were body weight, diet and physical activity. The intervention methods used 
to modify lifestyle varied between the studies as socio-cultural issues and the available facilities and 
personnel differed. Although there remained some methodological problems with the first two of 
these trials  (13,   14) , the others were classical randomised controlled trials and provided a high level 
of evidence on the benefits of lifestyle change.  

  THE MALMÖ STUDY  

 This feasibility study examined the benefits of diet and exercise in 217 middle-aged men in MalmO 
with IGT  (13) . The subjects chose whether they would be in the intervention or reference groups (in 
ratio 3:1). Thus, the subjects were not randomly assigned to the study groups and this diminishes the 
ability to generalise the results. The treatment group received detailed dietary advice and support 
within an exercise program while the other group received standard medical care according to require-
ments. Neither group received any form of anti-diabetic drug. Over a period of 5 years, the treated 
subjects significantly reduced and maintained weight loss (body mass index, BMI, fell 2.5% in the 
intervention group and rose 0.5% in the reference group). In addition, the estimated maximal oxygen 
uptake (a measure of physical fitness) increased by 10% in the intervention subjects, while it decreased 
by 5% in the control men. In the treated group 10.6% developed type 2 diabetes vs. 28.6% of the 
reference subjects. The relative risk reduction (RRR) in the incidence in the intervention group was 
59% and the absolute risk reduction (ARR) was 17% points. Although the progression to diabetes in 
the reference group of Swedish men was lower than would be predicted from the observational studies 
(which may have been due to a relatively low BMI), this study demonstrated the feasibility of carrying 
out a diet and exercise program for 5 years among volunteers, and suggested that such a program 
might have significant benefits in the prevention of type 2 diabetes.  

  THE DA QING STUDY  

 The Da Qing IGT and Diabetes Study, published in 1997, involved a large population-based screening 
program to identify people with IGT  (14) . The effect of exercise and diet in preventing the develop-
ment of type 2 diabetes in 577 subjects with IGT was examined over 6 years in 33 hospital clinics 
across China. There were four intervention groups; diet alone, exercise alone, diet–exercise combined 
or no intervention. Randomisation into these groups was undertaken on a clinic rather than an indi-
vidual basis. For dietary intervention, the participants were recommended a high-carbohydrate and 
low-fat diet and encouraged to reduce weight if BMI was  ³ 25 kg/m 2  aiming at 23 kg/m 2 . Group 
sessions were organised weekly for the first month, monthly for 3 months and then three monthly. For 
the clinics assigned physical exercise, counselling sessions were arranged at a similar frequency. The 
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participants were encouraged to increase their level of leisure-time physical activity by at least 1–2 
‘units’/day. One unit was defined as 30 min slow walking, 10 min slow running or 5 min swimming. 

 The annual risk of progressing to type 2 diabetes from IGT in this population was reduced from 
15.7% in the control group to 8% in the three intervention groups. The cumulative 6-year incidence 
of type 2 diabetes in the three intervention groups was 41–46% compared with 68% in the control 
group. The reported changes in risk factor patterns were modest. There was an approximate 1 kg/m 2  
reduction of BMI in subjects with baseline BMI >25 kg/m 2  with no change in BMI for the lean sub-
jects. The estimated changes in habitual dietary nutrient intakes were small and non-significant 
between groups. Thus, it appears that neither weight change nor even diet were the major determinants 
of the outcome. Physical activity and possibly subtle qualitative changes in diet played a key role. 

 There is a major methodological limitation in this study as allocation to intervention group was 
based on clinic (cluster) rather than the individual subject randomisation. Individual data analysis 
must, therefore, be interpreted with caution. The study subjects were relatively lean (mean BMI 25.8 
kg/m 2 ) compared with subjects with IGT from other ethnic groups, and the progression from IGT to 
diabetes was high (over 10% per year in the control group) compared with findings in observational 
studies. These issues make it difficult to generalise the conclusions. Furthermore, the similarity in 
outcomes for the three different intervention groups was somewhat surprising, as it suggested that 
there was no benefit in combining diet and exercise over pursuing either one individually. Thus, like 
the MalmO study, the Da Qing study was suggestive of the benefits of lifestyle intervention, but not 
conclusive.  

  THE FINNISH DIABETES PREVENTION STUDY  

 The Finnish Diabetes Prevention Study (FDPS)  (15) , the first properly controlled trial on preven-
tion of type 2 diabetes with lifestyle modification (diet and exercise) alone, enrolled 523 subjects with 
IGT from five clinics in Finland between 1993 and 1998. Subjects (age 40–64 years, BMI over 25 kg/
m 2 ) were individually randomly allocated into the intervention and control groups with stratification 
according to centre, gender and severity of IGT. 

 In the intervention group, subjects received advice from a nutritionist seven times during the first year 
and then every 3 months. The intervention goals were reduction in weight of 5% or more, total fat intake 
to less than 30% of energy consumed, saturated fat intake to less than 10% of energy consumed, fibre 
intake of at least 15 g/1,000 kcal and moderate exercise of at least 30 min/day.    The subjects were indi-
vidually counselled to increase their level of endurance exercise (walking, jogging, swimming, aerobic 
ball games, skiing). Supervised and individually tailored resistance training sessions were also offered. 
There were seven personal counselling sessions in the first 12 months, with three-monthly sessions 
thereafter. The control group subjects were given general verbal and written advice about healthy life-
style at the beginning of the study. An oral glucose tolerance test (OGTT) was performed annually but 
the study end-point of type 2 diabetes was based on a confirmatory second OGTT. 

 After a median follow-up of 3 years, 86 cases of diabetes had developed which was about half of the 
160 cases predicted for the full period of the planned 6-year study. The cumulative incidence of diabetes 
after 4 years was 11% in the intervention group and 23% in the control group, a reduction of 58% 
( P  < 0.001) in risk of diabetes in the intervention group. The reduction in the incidence of diabetes was 
directly associated with changes in lifestyle ( Fig.    2  ); none of the people (either in the intervention or in 
the control group) who had reached all five lifestyle targets by the 1-year visit developed diabetes.  

 A further publication from this study has shown the status of participants 3 years after the end of 
the intervention  (16) . Although the trial intervention was no longer being provided, a significant 
difference in the incidence of diabetes has persisted throughout this post-intervention follow-up 
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period, with the group originally in the lifestyle intervention arm still showing a 43% reduction in the 
incidence of diabetes over the lifetime of the trial. Even during the post-intervention period, the inci-
dence of diabetes was 36% lower in the ‘intervention’ than the ‘control’ group. The mechanism of 
this profound ‘hangover’ effect remains uncertain, and some have suggested that the initial interven-
tion produced a ‘metabolic memory’. However, it seems likely that at least part of the explanation can 
be accounted for by the persistence of differences in lifestyle between the two groups beyond the end 
of the structured intervention and by the weight differences (or at least differences in fat mass) 
between the two groups during the intervention period. Indeed, the intervention group continued to 
achieve more of the lifestyle goals during the post-intervention phase than did the control group. 

 The study has also been analysed to determine which of the key goals was of most importance in 
producing the benefits  (16) . When considered individually, achievement of each of the lifestyle goals, 
except the goal for saturated fat, was associated with a reduced incidence of diabetes. However, when 
considered together, only weight loss was significantly associated with benefits, indicating that most 
of the benefits of diet and exercise were mediated through weight loss. Thus, individuals who did not 
lose weight were unlikely to reduce their risk of developing diabetes, even if they reported that they 
were complying with the other lifestyle targets.  

  THE DIABETES PREVENTION PROGRAM  

 Recently, but prematurely completed, the Diabetes Prevention Program (DPP) (the data safety and 
monitoring board-advised closure) was a large multi-centre, randomised and placebo-controlled 
clinical trial carried out in the USA  (17) . It involved an ethnically diverse population and was 
designed to investigate the effect of very aggressive lifestyle intervention (and metformin and trogli-
tazone to be discussed below) in IGT patients. The study included 2,161 (in lifestyle and placebo 
arms) high-risk individuals with IGT and a fasting plasma glucose over 5.5 mmol/L. Special educa-
tors (‘case managers’ who were not regular health personnel) primarily carried out the lifestyle 
intervention in DPP. The lifestyle intervention involved a 16-session structured core curriculum 

  Fig. 2 .   Development of diabetes during the Finnish Diabetes Prevention Study ( FDPS ), according to number of inter-
vention goals achieved  (15) .       
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within the first 24 weeks after randomisation, with sessions occurring approximately monthly for the 
remainder of the trial. The focus of the dietary intervention was initially on reducing total fat intake 
but later calorie balance was introduced with a goal to achieve and maintain a weight loss of at least 
7%. A physical activity target was set of ~700-kcal/week expenditure (this equalled ~150 min of 
moderate physical activity, such as brisk walking, every week). Clinical centres also offered voluntary-
supervised activity sessions. 

 In the DPP, of the participants assigned to intensive lifestyle intervention, 74% achieved the study 
goal of  ³ 150 min of activity per week at 24 weeks and at the 1-year visit the mean weight loss was 7 
kg (about 7% of baseline weight). With intensive lifestyle intervention there was a 58% RRR in pro-
gression to type 2 diabetes compared with the placebo group. The lifestyle intervention was effective 
over a range of age, BMI and racial or ethnic subgroups. 

 In an analysis of those in the intensive lifestyle arm of the study  (18) , increased physical activity 
and reduced percent of fat in the diet predicted weight loss, but only weight loss was independently 
associated with a reduced incidence of diabetes. For every kilogram of weight loss, there was a 16% 
reduction in the risk of developing diabetes. Thus, like the FDPS, this study also showed that dietary 
and exercise goals are important in achieving weight loss, but unless weight loss is achieved, the risks 
of developing diabetes do not alter.  

  THE INDIAN DIABETES PREVENTION PROGRAME  

 The Indian Diabetes Prevention Programe  (19)  randomised 531 Asian Indian participants with IGT 
(79% men) into four groups – control, lifestyle modification, metformin and lifestyle plus metformin. 
The lifestyle intervention included both physical activity and dietary advice. Participants in the life-
style groups were advised to walk briskly for at least 30 min daily, and those who were already 
achieving this goal at recruitment were encouraged to maintain their activity level. Dietary advice 
included avoidance of simple sugars and refined carbohydrates, fat intake not to exceed 20 g/day and 
an increase in fibre-rich food. Direct face-to-face counselling sessions were undertaken at baseline 
and every 6 months during the study, with telephone contact maintained monthly. 

 Over 3 years of follow-up, the cumulative incidence of diabetes was 55% in the control group, and 
was 39.3% in the lifestyle group. Thus, the RRR attributable to the lifestyle intervention was 28.5%, 
while the ARR was 15.7% points. There was no additive benefit of combining lifestyle with met-
formin – with the cumulative incidence of diabetes of 39.5% in this group being almost identical to 
that in the lifestyle alone group. Despite the more modest RRR than in some of the other studies, the 
high absolute conversion rate to diabetes meant that the number of individuals needed to treat over 3 
years to prevent one case of diabetes was only 6.4 for the lifestyle intervention. 

 It is unclear exactly why the benefits of lifestyle intervention were smaller in this Indian population 
than in the US, Finnish and Chinese studies. However, there are a number of possible explanations. 
First, there were fewer face-to-face lifestyle counselling sessions in the Indian study, and this may 
have diminished the capacity to deliver an intensive lifestyle programe. Indeed, body weight hardly 
changed in the lifestyle group, and change in the body weight was not correlated with change in the 
plasma glucose. Second, the Indian population was described as being ‘already physically active and 
were on a diet similar to that prescribed’ at baseline. Thus, the lifestyle differences during the study 
(i.e. resulting from the intervention) between the lifestyle and control groups may not have been as 
great as in the other studies. Third, it is possible that ethnic differences in response to intervention 
may play a role, although the small number of Asians (4.4%) in the American DPP responded as well 
as other ethnic groups in that study. Finally, the Indian study population was younger and leaner 
(mean BMI 26 kg/m 2 ) than the American and Finnish populations.  
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  JAPANESE DIABETES PREVENTION TRIAL  

 The Japanese diabetes prevention trial recruited 458 males with IGT (80% were government 
employees), and randomised them to a control or intensive lifestyle intervention in a 4:1 ratio  (20) . 
The intervention was focused on reducing BMI to 22 kg/m 2 . Dietary targets were individualised and 
targeted portion size, fat intake (advised to be <50 g daily), alcohol intake and limited eating out. A 
physical activity target of 30–40 min of moderate activity/day was set, and was being achieved by 
15% of participants at baseline. The intervention was reinforced at study visits conducted every 2–3 
months throughout the study. 

 Over the 4 years that the study ran for, the cumulative incidence of diabetes was 3.0% in the inter-
vention group and 9.3% in the control group. Thus, the intervention resulted in a RRR of 67.4% and 
an ARR of 6.3% points. It was noteworthy that within the control group, the cumulative incidence of 
diabetes varied from 14.7% among those who gained at least 1.0 kg to only 4.3% in those who lost at 
least 1.0 kg. The intervention group had a mean weight loss of 2.18 kg. Whilst weight loss was a 
major mediator of the reduced incidence, it did not explain all the benefits observed. 

 The lifestyle prevention trials have now provided unequivocal evidence that type 2 diabetes can be 
prevented (or at least delayed) in subjects with IGT. The major findings of the six studies are sum-
marised and compared in  Table    1  .      

 The similarity of the RRR of five of the six studies is striking over a range of BMI values ( Table    1  ). 
The near identical RRR of Malmö, FDPS and DPP is remarkable. The higher ARR in the Da Qing 
study was a result of the higher risk of diabetes in that study population, while the lower ARR in the 
Japanese study reflects the lower risks of diabetes in that population. The lesser impact of an intensive 
lifestyle intervention in the Indian study most likely represents the lesser intensity of the delivery of 
the lifestyle intervention, with face-to-face appointments only occurring every 6 months.  

  SURGICAL OR DRUG-INDUCED WEIGHT LOSS  

 As yet there are no randomised-controlled trials of surgical treatment of obesity but in a group of 
severely overweight subjects with IGT undergoing gastric bypass surgery, the rate of conversion over 
4–6 years to type 2 diabetes after an average weight loss of 22.5 kg was 0.15/100 persons/year. This 
was compared to a conversion rate of 4.72/100 persons/year in an un-operated group, a 30-fold reduc-
tion in risk with this intervention  (21) . Likewise, in the Swedish Obese Subjects (SOS) Intervention 
Study  (22) , gastric surgery in very obese subjects reduced the 2-year incidence of diabetes 30-fold in 

 Table 1 
  Summary of the Findings of the Six Lifestyle Intervention Studies in People with IGT  

  Study   Cohort size  Mean BMI (kg/m 2 )  Duration (years)  RRR (%)  ARR (%)  NNT 

 MalmO  (10)   217  26.6  5  63  18  28 
 FDPS  (15)   523  31.0  3  58  12  22 
 DPP  (17)   2,161 a   34.0  3  58  15  21 
 Da Qing  (14)   259 a   25.8  6  46  27  25 
 Indian  (19)   269 a   26.0  2.5  29  16  19 
 Japanese  (20)   458  23.9  4  67  6  63 

 a Combined numbers for placebo and diet and exercise groups 
  FDPS  Finnish Diabetes Prevention Study,  DPP  Diabetes Prevention Program,  IGT  impaired glucose tolerance,  BMI  body 
mass index,  RRR  relative risk reduction,  ARR  absolute risk reduction,  NNT  number needed to treat for 1 year to prevent 
one case of diabetes 
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grossly obese subjects (weight loss 28 kg) compared with control subjects who were receiving regular 
care (weight loss 0.5 kg). More recently, data on laparascopic gastric band surgery have been reported. 
Among 434 non-diabetic patients (BMI  ³  35 kg/m 2 ), followed up over 923 patient years after the 
procedure, none developed diabetes  (23) . These results suggest that severe obesity can be treated 
surgically and lead to a marked reduction in the incidence of diabetes. 

 The Xendos [Xenical (orlistat) in the prevention of diabetes in obese subjects]  (24)  trial randomised 
3,305 obese participants, aged 30–60 years of whom 21% had IGT to orlistat (which leads to weight 
loss by reducing intestinal fat absorption) or placebo. All participants received lifestyle advice (calo-
rie-reduced diet and exercise counselling) initially two weekly for 6 months and thereafter monthly. 
Over 4 years, among those with IGT, orlistat reduced the incidence of diabetes by 45% (RRR 45%, 
ARR 10% points). Weight reduction was 6.9 kg in the orlistat group and 4.1 kg in the placebo group. 
Unfortunately, there was a high drop out rate over the 4-year treatment phase in both groups; 52% in 
orlistat and 34% in placebo. 

 Both the surgical and the orlistat studies in obese subjects indicate that probably weight control 
alone is an efficient way to prevent the development of type 2 diabetes.  

  PHARMACOLOGICAL INTERVENTION STUDIES  

 Prior to the last few years, there were nine, generally small and poorly designed, intervention studies 
using oral hypoglycemic agents published that examined patients over 1–10 years. All were com-
menced prior to 1979 when there was no agreement on the definition of pre-diabetic states and the 
subjects, according to recent diagnostic criteria, were probably a mixture of early type 2 diabetes and 
IGT. Seven studies investigated tolbutamide, and on an intention to treat analysis, four  (25–  28)  
reported improvement in glucose tolerance and/or reduced incidence of type 2 diabetes while three 
reported no benefit  (10,   29,   30) . However, the Malmöhus study  (10)  reported a large non-compliance 
rate in the tolbutamide group and found prevention of progression when analysis was based on treat-
ment compliance. This is an intriguing observation in view of the four earlier positive studies and 
awaits further study. Two intervention studies with phenformin did not show benefit  (31,   32) . Finally, 
two studies examined glibenclamide with mixed results  (32,   33)  and one study employing World 
Health Organisation (WHO) criteria examined gliclazide and reported no benefit  (34) . All these 
pharmacological studies, most containing fewer than 200 subjects in each of the intervention groups, 
would now be regarded as significantly underpowered. 

  Study to Prevent Noninsulin-Dependent Diabetes Mellitus Study 
 The Study to Prevent Noninsulin-Dependent Diabetes Mellitus (STOP–NIDDM) study  (35) , a 

Canadian–European double-blind, placebo-controlled randomised trial evaluated whether acarbose 
(an  α -glucosidase inhibitor) could prevent the development of diabetes in 1,429 high-risk subjects 
with IGT. After a mean of 3.3 years of follow up, but including an approximate 25% discontinuation 
rate on acarbose, there was a 25% reduction in progression to diabetes (based on a single OGTT) 
attributable to acarbose. The main results were based on an intention-to-treat analysis. The drug was 
effective in the different subgroups of age, gender and BMI. However, the benefit of treatment on 
prevention seemed to be reduced after only 3 months following cessation of active treatment.  

  Diabetes Prevention Program 
 The Diabetes Prevention Program (DPP) was initially set up to investigate individually the benefits 

of metformin, troglitazone (a PPAR γ  agonist), and diet and exercise. As a result of the increased risk 
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of severe liver damage and in some instances fatal hepatic toxicity caused by troglitazone, this arm 
was discontinued after 2 years. The DPP found that metformin reduced the risk of progression to type 
2 diabetes from IGT by 31% while still taking the drug. The reduction in progression was less (24.9%) 
when metformin was ceased, and allowed drug washout to occur before assessing glucose tolerance 
 (36) . The benefit of metformin was not seen in subjects over the age of 60 years or in those with a 
BMI less than 30 kg/m 2   (17) . 

 Analysis of the troglitazone arm of the study over a mean of 0.9 years showed a 75% reduction in the 
incidence of diabetes, with most of the benefit being due to an improvement in insulin sensitivity  (37) .  

  Troglitazone in the Prevention of Diabetes 
 Although the troglitazone arm of DPP was discontinued, a small 5-year double-blind study involving 

250 Hispanic women living in Los Angeles with a history of gestational diabetes (~70% with IGT) were 
randomised to either troglitazone or placebo  (38) . Women with a history of gestational diabetes mellitus 
(GDM) are at a high risk for developing type 2 diabetes. Over a median follow-up period of 31 months, 
there was a 56% reduction in the conversion of these patients to type 2 diabetes. The average annual 
incidence of diabetes was 5.4% in women randomised to troglitazone and 12.1% in the placebo group 
( P  < 0.01). The group of women most responsive to intervention with troglitazone was those who 3 
months after randomisation showed the greatest reduction in insulin resistance and fall in insulin secre-
tion to an intravenous glucose tolerance test. There was also evidence that the protection conferred by 
troglitazone against developing type 2 diabetes persisted for about 8 months after treatment ceased.  

  Chinese Diabetes Prevention Study 
 In a small multi-centre study ( n  = 321)  (39)  subjects with IGT were divided into four groups: 

controls who received conventional education, diet and exercise, metformin and acarbose. As in the 
Da Qing study, allocation into groups was not random, but took place by geographical location. Over 
a 3-year period 34.9%, 24.6%, 12.4%, and 6.0% of each group, respectively, progressed to diabetes. 
This represents a RRR of 76.8% for metformin and 87.8% for acarbose compared with the control 
group. The mean BMI for the three groups was ~25 kg/m 2 , which in relation to metformin is inconsist-
ent with the DPP findings, which showed no benefit of metformin in those with a BMI <30 kg/m 2 .  

  Diabetes Reduction Assessment with Ramipril and Rosiglitazone Medication Trial 
 The Diabetes Reduction Assessment with Ramipril and Rosiglitazone Medication (DREAM) trial 

is the largest of all the diabetes prevention studies, and the only one to include participants with both 
IGT and impaired fasting glucose (IFG). The 2 × 2 factorial design of the study allowed it to separately 
test whether the angiotensin converting enzyme (ACE) inhibitor, ramipril, and the PPAR γ  agonist, 
rosiglitazone, could prevent the development of diabetes. In addition to the smaller studies discussed 
above that showed the potential of PPAR γ  agonists in diabetes prevention, a significant body of 
evidence had suggested that ACE inhibitors might also play a role in the prevention of diabetes. In 
particular, the Heart Outcomes Prevention Evaluation (HOPE) study showed in post-hoc analyses that 
ramipril was associated with a 34% reduction in the incidence of diabetes  (40) . HOPE, like a number 
of other cardiovascular studies showing similar results, was not designed to test the value of ACE 
inhibitors in diabetes prevention – hence, the need for a trial designed specifically to test this hypoth-
esis. DREAM randomised 5,269 adults from 21 countries, and followed the participants for a median 
of 3 years. Ramipril was associated with a non-significant 9% reduction in the incidence of diabetes 
 (41) , while rosiglitazone led to a highly significant 60% reduction in the development of diabetes  (42) . 
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 The benefits of rosiglitazone were seen in all the pre-specified sub-groups, but were greatest in those 
who were most overweight at baseline. Indeed, while the incidence of diabetes increased, as expected, 
with increasing adiposity in the placebo group, there was no such increase in the rosiglitazone group. 

 It is also important to note the side effects of rosiglitazone, which were similar to those reported in 
trials of the drug in people with established diabetes – weight gain, and a small, but significant, 
increase in risk of cardiac failure. Somewhat disappointingly, the DREAM trial failed to show even a 
trend towards cardiovascular benefit with either of the drugs, though it should be noted that DREAM 
was not designed to determine the effect on CVD, and the small number of CVD events occurring in 
the trial was consistent with the exclusion from the trial at baseline of anyone with a prior history of 
CVD. However, significant concern has subsequently developed over the safety of PPAR γ  agonists, 
with regard to CVD and to fractures. First, a meta-analysis indicated a higher risk of CVD in patients 
treated with rosiglitazone (ref   ), though an interim analysis of a large clinical trial focusing on CVD 
has not confirmed this (ref   ). Second, an excess of fractures (possibly osteoporotic) has been reported 
with both of the currently available PPAR γ  agonists (ref   ). Thus, the use of PPAR γ  agonists for diabe-
tes prevention is not currently recommended.   

  DIABETES PREVENTION: REAL PREVENTION OR JUST DELAY IN ONSET?  

 Much debate over recent years has centred on whether any of the so-called diabetes prevention 
trials are actually reporting disease prevention or simply a delay in the time of disease onset. People 
have argued that the apparently impressive findings of the prevention of 60% of the expected cases of 
diabetes equates to no more than a delay in the onset of diabetes of a year or so. Within the confines 
of a 3-year clinical trial, a 1–2 year delay in disease development will have profound effects on the 
total number of people developing diabetes, but the average 50-year old, who might hope to live for 
another 25–30 years might be less impressed with an intervention that postpones his date of diabetes 
onset from his 60th to his 62nd birthday. 

 The term ‘prevention’ is often interpreted as meaning stopping diabetes from ever happening 
(although most dictionaries definitions include the meaning of hindering as well as stopping), and as 
such could only be shown in very long clinical trials. Of course, delaying the onset of diabetes until 
the individual dies of something else amounts to lifetime prevention for that individual. 

 Interventions that ‘fix’ a problem and genuinely prevent a disease from ever occurring are generally 
restricted to the arena of conditions such as infectious diseases, where vaccinations, or public health 
measures, such as providing clean water, have virtually eliminated a number of infections. However, 
for diseases such as type 2 diabetes, which appear to be strongly linked to age-related functional 
decline or degeneration in physiological systems, interventions that can be expected to ‘fix’ the prob-
lem seem much less likely. Specifically for type 2 diabetes, the age-related decline in beta cell func-
tion often leads to diabetes among the elderly even if they remain relatively lean. 

 Interestingly, although this debate could equally apply to other chronic diseases, such as CVD, it 
does not seem to have taken place. Thus, no one discusses whether lipid lowering with statins prevents 
or only delays myocardial infarction, though it is abundantly clear that a sizeable proportion of those 
successfully treated in the intervention arm of a statin trial will still suffer a vascular event at some 
time after the study ends. The results of such studies are usually reported in terms of the reduction of 
risk or reduction of incidence of the endpoint over the duration of the study. This would likely be a 
more useful way of presenting the diabetes prevention trials. The conclusion that over 3 years, a life-
style intervention reduces the risk of developing diabetes or reduces the incidence of diabetes by 58% 
is a simple statement of the results, is in the same format as most other prevention studies, and 
describes the results of the trial without making any implications about lifetime risk. In retrospect, the 
use of the term ‘prevention’, though justifiably a high priority for researchers to achieve, has probably 
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led to unrealistic beliefs about the long-term effects of interventions among the public and to a sterile 
debate between healthcare professionals about the meaning of delay and prevention. A focus on 
describing findings in terms of risk reduction and lowering of blood glucose would be much more 
constructive. The real debate could then address issues such as cost-effectiveness and the implementa-
tion of the trial results into clinical practice, which will ultimately be far more important in delivering 
effective interventions to populations.  

  POPULATION APPROACHES TO PREVENTION OF TYPE 2 DIABETES  

 The series of lifestyle intervention trials have shown beyond any shadow of a doubt that changes 
to diet and exercise patterns can markedly reduce the risk of developing diabetes. Furthermore, the 
findings have been applicable across a wide range of demographic groups. In addition, the results of 
drug trials show that there are also a number of effective pharmacological options. When attempting 
to translate these findings into benefits for the wider population, several questions need to be 
addressed. The first is to what extent the lifestyle interventions tested in the clinical trials could be 
effective outside a research setting. It needs to be remembered that clinical trials only recruit those 
volunteers who are already prepared to undertake the intervention – those who are not interested in 
making such changes are unlikely to volunteer, though may represent a significant proportion of the 
at-risk population. Furthermore, the funding and infrastructure available are far greater in a clinical 
trial than clinical practice or public health can offer even in the wealthiest of healthcare systems. 
Currently, we do not know whether the level of intervention available outside clinical trials would be 
effective, especially when delivered to individuals who would not have had the personal motivation 
to volunteer for a trial. No studies have compared different intensities of lifestyle intervention. 
However, the similarity of risk reduction observed in the DPP, the DPS and the Japanese study suggests 
that the lesser intensity of intervention applied by the two latter trials (study visits every 2–3 months) 
may provide as much benefit as the more intensive DPP (16 study visits in the first 6 months). The 
lesser risk reduction seen in the Indian study, with face-to-face study visits occurring only every 6 
months, suggests that the optimal level of intervention involves more frequent lifestyle counselling, 
and probably requires approximately four to six face-to-face visits annually. The length and intensity 
of a program, the frequency of program visits and the use of self-monitoring have all been shown to 
be important for weight loss programs  (43) , and, hence, are likely to be important in diabetes preven-
tion. Studies examining different intensities of intervention, and studies designed to include all of the 
at-risk population (rather than just clinical trial enthusiasts) are now needed. 

 A second crucial issue in designing a population approach to diabetes prevention is determining 
the balance between targeting high-risk groups and targeting the general population. The potential 
impact of rolling out a high-risk approach (i.e. programs designed to reproduce clinical trial results in 
people with IGT) will always be limited. Reasons for this include the difficulty of identifying all those 
at high risk, and the fact that epidemiological studies show that over a 5-year period, ~20% of new 
cases of diabetes had normal glucose tolerance at baseline  (44) . To maximise the population impact, 
this high-risk approach needs to be coupled with a lower intensity, but more broadly-based popula-
tion-wide approach focused on weight loss, or at least on the prevention of weight gain. A small shift 
in the population means BMI would have profound effects on the numbers of individuals within the 
population developing type 2 diabetes. 

 The third important issue is the role of pharmacological therapy. None of the pharmacological (or 
lifestyle) trials reported so far have been designed to look at hard clinical end-points (such as CVD 
or microvascular complications). The first trial to do so will be the NAVIGATOR trial, examining 
the effects of valsartan and nateglinide in the prevention of diabetes and of CVD. Thus, while it is 
likely that lowering blood glucose in people with IGT will ultimately result in clinical benefits, this 
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is unproven. Given the potential financial costs of treating the 10–15% of adults who have IFG and 
IGT, and the risk of side-effects over the many years of drug exposure that would be required, 
widespread use of drugs in the attempt to prevent type 2 diabetes cannot currently be justified. 
However, while lifestyle change appears to be a much better option (with far fewer side-effects, and 
an additional beneficial impact on cardiovascular risk factors other than glucose), there are those 
who are unable to make substantial changes (e.g. those in whom disease or old age limit their exer-
cise capacity), some who fail to respond to an intensive lifestyle program, and some who might be 
judged to be at such high risk that a combined lifestyle and pharmacological approach might be 
appropriate from the outset. No consensus has emerged on the role of drugs, but the two groups that 
would seem the most important to consider for drug therapy are those who fail to lose weight in a 
lifestyle program, and those who are at highest risk (probably determined by blood glucose levels 
– the co-occurrence of IFG and IGT in the same individual is probably a useful definition of this 
high-risk group). Public funding or reimbursement of the costs of such pharmacological therapy is 
unlikely to be widely approved, given the currently available data, but after a full explanation of the 
risks, benefits and costs, it would not be unreasonable for an individual with IGT or IFG to choose 
to pay for drug treatment. 

 Finally, it is becoming increasingly apparent that in order to achieve meaningful lifestyle changes 
across a whole population, input from outside the health sector will be required. In order to alter the 
obesogenic environment that is now so prevalent, changes to food labelling and taxation, education, 
advertising, urban planning and transport will all need to be considered. In both Finland  (45)  and 
Mauritius  (46) , changes at a governmental level including public health campaigns and changes in 
taxation and food supply were highly successful in lowering the mean population cholesterol level. 
Without similar societal action directed at weight control, it is unlikely that even the best organised 
health system can translate the findings of clinical trials into substantial population-wide reductions 
in diabetes incidence.  

  SUMMARY  

 It is now abundantly clear that the risk of developing type 2 diabetes can be substantially reduced by 
lifestyle change and by a number of glucose-lowering drugs. Lifestyle intervention directed at fat and 
calorie restriction, increased dietary fibre intake, and at achieving a minimum of 30 min of moderate 
exercise daily is the method of choice in reducing the incidence of type 2 diabetes. The focus should 
be on achieving weight loss and surgery and weight loss drugs may also be appropriate. However, 
weight loss is achieved, the greater the reduction in weight back to a healthy level, the greater the 
impact on reducing the risk of developing diabetes. While pharmacological therapy is clearly able to 
lower blood glucose in those with IGT and IFG, the lack of information on its impact on hard clinical 
outcomes makes it currently unsuitable for widespread use in those with IGT and IFG. 

 Health systems need to develop ways of identifying those at high risk of developing diabetes, and 
implementing intensive lifestyle programs. This needs to be supported by societal changes that facili-
tate the pursuit of healthy lifestyles for everyone.      
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  Abstract 

 The metabolic syndrome refers to the clustering of metabolic abnormalities more frequently than would 
be expected by chance alone. These metabolic abnormalities are all risk factors for cardiovascular disease 
(CVD), and the epidemiological association between these multiple risk factors points to the possibility 
of a unifying underlying pathophysiology. Obesity, in particular visceral adiposity, insulin resistance, and 
some degree of abnormal glucose metabolism coupled with dyslipidemia and abnormal blood pressure are 
the hallmarks of the syndrome. Epidemiological data correlates the presence of the metabolic syndrome 
with a proinflammatory state and greater risk for diabetes and CVD. There is also emerging evidence that 
the syndrome is associated with an increased risk of several malignancies. Since obesity is an increasing 
global burden, it is expected that the number of individuals with the metabolic syndrome will increase 
worldwide. An internationally accepted definition of the syndrome would facilitate both clinical diagnosis 
and future research to accurately assess risk and to identify preventative and therapeutic strategies.  

  Key words:   Obesity ;  Insulin resistance ;  Type 2 diabetes ;  Visceral obesity ;  Dyslipidemia ;  Cardiovascular 
disease ;  Hypertension ;  Proinflammatory state ;  Diagnosis ;  Epidemiology .    

  INTRODUCTION  

 The metabolic syndrome is the name given to the cluster of metabolic abnormalities associated 
with an increased risk of diabetes and cardiovascular disease (CVD). Several different definitions 
of the syndrome are in use. There has been recent controversy regarding the concept of a metabolic 
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syndrome, due largely to uncertainty regarding clinical utility in terms of predicting CVD and lack of 
evidence of an underlying pathophysiology, despite a vast research effort in this area  (1) . Nonetheless, 
the concept of a metabolic syndrome is seen as helpful by many clinicians in emphasizing the impor-
tance and health implications of obesity, insulin resistance, and related traits. Herein, we will discuss 
the definition of the syndrome and present international prevalence figures. We will also discuss the 
features of the syndrome and associated abnormalities.  

  DEFINITION  

 In 1998, the World Health Organization (WHO) became the first organization to publish an inter-
nationally recognized definition of the metabolic syndrome  (2)  ( Table 1   ). In 2001, the National 
Cholesterol Education Program’s Adult Treatment Panel III (NCEP/ATP III) released its own definition 
adding central obesity to its list of criteria  (3)  ( Table 1   ). While these two definitions agree on their 
basic components, they differ in what they identified as the major underlying abnormality. The WHO 
stated that insulin resistance is the driving force behind the disorder, while ATP III used central obesity 
as the defining factor.      

In 2003, the American College of Endocrinology (ACCE/ACE) convened and published a position 
statement, which suggested that “The Metabolic Syndrome” should be termed “Insulin Resistance 
Syndrome”; thereby focusing on the underlying pathophysiology that was felt to underlie the cluster 
of related abnormalities (4). The presence of multiple definitions made it increasingly difficult to 
compare prevalence and impact in different areas of the world. The International Diabetes Foundation 
(IDF) convened in 2005 to develop a new unifying worldwide definition building upon the WHO and 
ATP III definitions (5). The new definition put forth by the IDF highlights both central obesity and 
insulin resistance as important causative factors. On the basis of this new definition, for a patient to 
be defined as having the metabolic syndrome/insulin-resistance syndrome, central obesity plus two or 

 Table 1 
  WHO and ATP III Definitions of the Metabolic Syndrome  

  1999 WHO definition of the metabolic syndrome  

 Glucose intolerance of diabetes and/or insulin resistance and two or more of the following: 

  Raised arterial blood pressure ≥140/90 mmHg 
  Raised plasma triglycerides 150 mg/dl (1.7 mmol/l) and/or low HDL lipoprotein cholesterol <35 mg/dl 

 men (0.9 mmol/l), <39 mg/dl women (<1.0 mmol/l) 
  Central obesity (males – waist to hip ratio > 0.90; females – waist to hip ratio >0.85) and/or BMI >30 kg/m 2  
  Microalbuminuria (urinary albumin excretion rate ≥ 20  μ g/min or albumin:creatinine ratio 30 mg/g) 

  2001 NCEP ATP III definition of the metabolic syndrome  
 Three or more of the following risk factors 
  Waist circumference >102 cm in men and >88 cm in women 
  Triglycerides > 150 mg/dl (1.7 mmol/l) 
  HDL-c <40 mg/dl (1.03 mmol/l) in men, <50 mg/dl (1.29 mmol/l) in women 
  Blood pressure 130/85 mmHg 
  Fasting plasma glucose 110 mg/dl 

  WHO  World Health Organization,  ATP III  Adult Treatment Panel III,  NCEP  National Cholesterol Education Program, 
 BMI  body mass index,  HDL-c  high-density lipoprotein-cholesterol 
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more of the following four factors must be present: (a) raised concentrations of triglycerides: 150 mg/dl 
(1.7 mmol/l) or specific treatment for this lipid abnormality, (b) reduced concentration of high-density 
lipoprotein-c (HDL-cholesterol): <40 mg/dl (1.03 mmol/l) in men and <50 mg/dl (1.29 mmol/l) in 
women or specific treatment for this lipid abnormality, (c) raised blood pressure: systolic blood pres-
sure (SBP) ³130 mmHg or diastolic blood pressure (DBP) ³85 mmHg or treatment of previously 
diagnosed hypertension, and (d) raised fasting plasma glucose concentration ³100 mg/dl (5.6 mmol/l) 
or previously diagnosed type 2 diabetes (5) (Table 2).

 The IDF definition is the first to identify different cutoffs for waist circumference by ethnic groups, 
based on data from Asia that showed interethnic differences between various obesity indices and the 
risks of CVD (Table 3)  (5) . In addition, the IDF consensus group highlighted a number of other 
parameters that appear to be related to the metabolic syndrome but are not currently included in the 
definition criteria (Table 4)  (5) . The future study of these factors will hopefully allow for further 
modification of the definition and validation of the new clinical definition in various ethnic groups 
 (5) . At the present time, it is important to recognize that ongoing research continuously changes our 
understanding of this evolving syndrome.           

Table 2
IDF Definitions of the Metabolic Syndrome

2005 IDF criteria

Central obesity (defined by waist circumference, see Table 3)
Plus any two of the following:
 Raised triglycerides >150 mg/dl (1.7 mmol/l)
 Reduced HDL cholesterol <40 mg/dl (1.03 mmol/l) in men; <50 mg/dl (1.29 mmol/l) in women
 Raised blood pressure systolic >130 mmHg or diastolic >85 mmHg (or previously treated hypertension)
 Raised fasting plasma glucose >100 mg/dl (5.6 mmol/l) or previous diagnosis of diabetes

IDF International Diabetes Foundation, HDL high-density lipoprotein

 Table 3 
  Ethnic Specific Values for Waist Circumference  

  Ethnic group    Waist circumference  

 Europids  Male  ≥ 94 cm 
 Female  ≥ 80 cm 

 South Asians  Male  ≥ 90 cm 
 Female  ≥ 80 cm 

 Chinese  Male  ≥ 90 cm 
 Female  ≥ 80 cm 

 Japanese  Male  ≥ 85 cm 
 Female  ≥ 90 cm 

 Ethnic South/Central Americans  See South Asian recommendations until more specific data are available 
 Sub-Saharan Africans  See European recommendations until more specific data are available 
 Eastern Mediterranean  See European recommendations until more specific data are available 
 Middle East  See European recommendations until more specific data are available 
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  EPIDEMIOLOGY/PREVALENCE  

 The metabolic syndrome and obesity/overweight are becoming increasingly common throughout 
the world, as shown by emerging prevalence data  (6,   7) . Research in several countries, including 
Canada, Finland, New Zealand, the United Kingdom, the United States, and Western Samoa, has 
demonstrated large increases in prevalence  (8) . Using the most recent national data available for 
adults in the USA and the definition of the metabolic syndrome proposed by the IDF, almost 40% of 
US adults are classified as having the metabolic syndrome  (9) . This is significantly higher than the 
34% of US adults that would be classified under the ATP III definition. The IDF criteria for defining 
central obesity appeared to account for much of this difference  (9) , since these require central obesity 
(rather than obesity being one of five criteria as in the ATP III definition) and substantially lower the 
threshold for waist circumference. 

 Ethnicity is a powerful predictor of insulin resistance the metabolic syndrome  (10) . Epidemiologic 
studies have shown that this syndrome occurs in a wide variety of ethnic groups including Caucasians, 
African-Americans, Mexican-Americans, Asian-Indians, and Chinese  (11–  14) , and manifestations of 
the metabolic syndrome are increased in essentially every group of non-Caucasian ancestry in which 
comparisons have been made  (4) . With the lower thresholds of waist circumference, new estimates of 
prevalence are especially increased for Mexican-Americans and Asians, and the application of the 
IDF definition to estimate the prevalence of the metabolic syndrome will likely have a substantial 
effect on the estimates in Latin American countries as well  (9,   15,   16) . 

 Using the ATP III definition, the InterASIA Collaborative Group recently found that, in China, the 
age-standardized prevalence of overweight was 26.9% in men and 31.1% in women and the age-
standardized prevalence of metabolic syndrome was 9.8% in men and 17.8% in women  (7) . One can 
assume that these figures would be even higher using the new IDF definition. In 2003, also using the 
ATP III definition, the Tehran Lipid and Glucose Study found that the age-standardized prevalence of 
the metabolic syndrome was 33.7%. The prevalence increased with age in both sexes but was more 
commonly seen in women than in men  (17) . A study in 2006 by Harzallah et al. examining the meta-
bolic syndrome in Arab men and women found that the prevalence was 45.5% using the new IDF 

 Table 4 
  Additional Metabolic Criteria for Which the IDF Thinks Further Research Is Necessary  

  Possible new criteria    Areas of potential research  

 Abnormal fat distribution  Leptin, adiponectin, liver fat content 
 Atherogenic dyslipidemia  Apo B (or non-HDL-c), small LDL particles 
 Insulin resistance  Fasting insulin/proinsulin levels, HOMA-IR, insulin resistence, 

elevated free fatty acids, M value from clamp 
 Vascular dysregulation  Measurement of endothelial dysfunction, microalbuminuria 
 Proinflammatory state  Elevated high sensitivity c-reactive protein, elevated inflamma-

tory cytokines, decrease in adiponectin levels 
 Prothrombotic state  Fibrinolytic factors, clotting factors 
 Hormonal factors  Pituitaryadrenal axis 

 These metabolic criteria may later be linked to the metabolic syndrome 
 Adapted from the International Diabetes Federation 
  IDF  International Diabetes Foundation,  LDL  l ow-density lipoprotein,  HDL  high-density lipoprotein 
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criteria: 55.8% in women and 30.0% in men  (18) . The prevalence rates of the metabolic syndrome 
according to the WHO and the NCEP ATPIII are similar, 28.4 and 24.3%, but both are strikingly 
lower than the rate using the new IDF criteria. Similar results were recently found in a study in Korea, 
where the prevalence of the metabolic syndrome was lower than that of the ATP III-defined metabolic 
syndrome  (19) . Regardless of which definition is used, the reported prevalence tends to be higher in 
women than in men predominantly because of significant differences in central obesity and HDL-c 
and, to a lesser extent, hypertension  (18) . 

 The prevalence of the metabolic syndrome has been shown to correlate positively with body mass 
index (BMI), hyperglycemia, and concentrations of C-reactive protein (CRP)  (9) . Individuals with 
hypertension have more than twice the prevalence of the metabolic syndrome than those who are 
normotensive. In addition, individuals with hypercholesterolemia have a higher prevalence of the 
metabolic syndrome than individuals who have concentrations of total cholesterol <200 mg/dl. Also, 
women with PCOS  (20) , or a history of gestational diabetes  (21) , are likely to be insulin resistant and 
at increased risk to develop one or more of the clinical components of the metabolic syndrome. Insulin 
resistance has been shown to be a familial characteristic  (22) , and a family history of type 2 diabetes, 
hypertension, or CVD increases the risk of insulin resistance and the risk of subsequently developing 
the metabolic syndrome. 

 Not unexpectedly, the metabolic syndrome is highly age dependent. Using data from the National 
Health and Nutrition Examination Study (NHANES III), the prevalence of the metabolic syndrome 
rose from 7% at age 20–29 to 44% for individuals of age 60–69  (9) . These data have been replicated 
in several ethnic groups  (9,   17,   23) . 

 Importantly, reports over the past several decades have shown that the prevalence of obesity/over-
weight and type 2 diabetes is increasing in children  (23) . In addition, the metabolic syndrome is far 
more common among children and adolescents than previously reported and its prevalence increases 
directly with the degree of obesity  (24) . For each half-unit increase in the BMI there is an associated 
increase in the risk of the metabolic syndrome among overweight and obese youth  (24) . In a sample 
of adolescents in the USA who were included in the third NHANES III, conducted between 1988 and 
1994, the prevalence of the metabolic syndrome was 6.8% among overweight adolescents and 28.7% 
among obese adolescents  (25,   26) . Further, it has been shown that insulin resistance in obese children 
is strongly associated with specific biomarkers of inflammation and potential predictors of adverse 
cardiovascular outcomes  (24)  including CRP and interleukin-6 (IL-6), the levels of which rise with 
increasing levels of obesity.  

  CLINICAL DIAGNOSIS  

 On the basis of the IDF definition, central obesity is required for a diagnosis of the metabolic 
syndrome. The IDF has recognized and emphasized ethnic differences in the correlation between 
abdominal obesity and other metabolic syndrome risk factors. For this reason, the criterion of abdominal 
obesity is specified by nationality or ethnicity based on the best available population estimates. For 
people of European origin (Europid), the IDF-specified thresholds for abdominal obesity are waist 
circumferences  ³ 94 cm in men and  ³ 80 cm in women. For Asian populations, except for Japanese 
subjects, thresholds are  ³ 90 cm in men and  ³ 80 cm in women; for Japanese, they are  ³ 85 cm for men 
and  ³ 90 cm for women (see Table  3 ). If the criterion of abdominal obesity is met, two of the following 
criteria are also required for the diagnosis of the metabolic syndrome: triglycerides >150 mg/dl, low 
HDL (men <40 mg/dl and women <50 mg/dl), elevated blood pressure (SBP > 130 or DBP > 85) or 
previously treated hypertension, or raised fasting plasma glucose >100 mg/dl (or previous diagnosis 
of diabetes) (see Table  2 ).  
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  CLINICAL MANIFESTATION, ASSOCIATIONS, AND COMPLICATIONS 
OF THE METABOLIC SYNDROME  

 As mentioned earlier, the metabolic syndrome is the name given to a constellation of metabolic 
abnormalities, which cooccur more often than would be expected by chance. While insulin resistance 
may be the underlying mechanism, patients generally present with one or more of the following 
features: 

  Diabetes and Prediabetes 
 Abnormal glucose metabolism, associated with central obesity, was first described by Vague in 

1947, and studies in many populations have shown a relationship between the presence of obesity, 
insulin resistance, and the subsequent development of type 2 diabetes  (27,   28) . Research to understand 
the pathophysiology of this association and the resulting CVD is ongoing. Insulin resistance is 
thought to be the primary abnormality leading initially to postprandial hyperinsulinemia and then 
fasting hyperinsulinemia as the pancreatic beta cells secrete increasing amounts of insulin to over-
come resistance at the tissue level. Only after pancreatic beta cell function cannot keep up with the 
increased demands for insulin production does hyperglycemia, impaired glucose tolerance (IGT), and 
diabetes develop. Recently, early defects in pancreatic beta cell function have been described, which 
challenge this traditional view  (29) . 

 Increased circulating free fatty acid levels appear to play a central role in the development of 
insulin resistance. Insulin has an important role to inhibit lipolysis in adipose tissue and the increased 
circulating fatty acid levels observed in insulin-resistant states further impair insulin action in insulin-
sensitive tissues such as muscle and liver  (30) . Increased circulating free fatty acids may also contribute 
to insulin resistance at the level of the pancreatic beta cell, resulting in inappropriate insulin secretion 
for a given blood glucose  (31) . 

 Insulin resistance results in impaired suppression of glucose production by the kidneys and liver 
together with reduced glucose uptake by muscle and adipose tissue leading to high blood glucose 
values. IGT and impaired fasting glucose (IFG) are defining abnormalities of the metabolic syndrome, 
and several studies have evaluated the sensitivity and specificity of the metabolic syndrome in predicting 
future development of diabetes. A study comparing the metabolic syndrome to the Diabetes Predicting 
Model and the Framingham Risk Score found that the metabolic syndrome had a sensitivity of 
approximately 65% in predicting development of diabetes over an average follow-up of 7 years  (32) . 
Moreover, in subjects with preexisting diabetes, diagnosis of the metabolic syndrome has been shown 
to predict both the presence of micro- and macrovascular complications  (33) . 

 Diabetes is frequently asymptomatic and many individuals are not diagnosed until complications 
appear. Common presenting symptoms of high blood glucose include excessive thirst, polyuria, visual 
disturbance, and unexplained weight loss. Although the effectiveness of screening in asymptomatic 
individuals has not been clearly demonstrated, consensus recommendations are in favor of screening 
for diabetes at 3-year intervals in individuals over 45 years of age or in those less than 45 who have 
risk factors for diabetes including other features of the metabolic syndrome  (34) . The recommended 
screening test is a fasting plasma glucose but the 75 g, 2-h oral glucose tolerance test (OGTT) is also 
used in several parts of the world  (34) . More frequent testing is required in individuals with multiple 
risk factors and in those with preexisting IFG and IGT. Screening using glycosylated hemoglobin is 
not currently recommended  (34) . 

 Diagnosis of diabetes is based on one of the following three criteria:

  •  Polydipsia, polyuria, or unexplained weight loss and random plasma glucose >200 mg/dl (11.1 mmol/l)  
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 •  Fasting plasma glucose >126 mg/dl (7.0 mmol/l)  
 •  Plasma glucose of >200 mg/dl (11.1 mmol/l) 2 h after 75 g of anhydrous glucose    

 Individuals who have a positive diagnostic test require comprehensive diabetes evaluation and referral 
to an appropriate multidisciplinary team  (34) . 

 IGT and IFG have been defined as prediabetes in recognition of the increased risk of developing 
overt diabetes in this population. 11.9 million Americans were estimated to have prediabetes in 2000 
 (35) . The threshold for IFG was lowered by the American Diabetes Association in 2003 based on 
epidemiological evidence from several cohorts such that fasting plasma glucose values above 100 mg/
dl (5.5 mmol/l) are now considered abnormal. This change has increased the prevalence of prediabetes 
further. 

 IGT is diagnosed on the basis of OGTT when fasting blood sugar is normal and the 2-h postload 
plasma glucose is 140–199 mg/dl (7.811.0 mmol/l). It has been suggested that, if fasting plasma 
glucose alone is used for screening, a proportion of these individuals will be missed  (36) . Based on 
cost, convenience, and ease of administration, however, fasting plasma glucose alone continues to be 
recommended for screening  (34) .  

  Cardiovascular Disease 
 Many prospective cohort studies have evaluated the risk of CVD in individuals with the metabolic 

syndrome. While these studies have been hampered by the lack of consensus regarding definition, all 
have shown increased risk of CVD in individuals with the syndrome, irrespective of the definition 
used  (37–  46) . The risks of CVD appear to differ between races and ethnic groups and further study 
is required to define race-specific risk  (46) . In general, the relative hazard ratio for CVD outcomes in 
men and women with the metabolic syndrome ranges between 2 and 5 in most studies  (43,   45–  47) . 

 Data from NHANES III study revealed that the presence of the syndrome is associated with a more 
than twofold increase in myocardial infarction and stroke in both men and women. Moreover, insulin 
resistance, low HDL-c, hypertension, and hypertriglyceridemia were all independently associated 
with risk of myocardial infarction (MI) and stroke  (45) . The absence of the metabolic syndrome in 
the NHANES cohort correlated with a low age-adjusted prevalence of coronary heart disease, that is, 
8.7%. The prevalence of coronary heart disease in the presence of the metabolic syndrome was 13.9% 
and 19.2% for those without and with diabetes, respectively  (44) . 

 In addition to CVD, the metabolic syndrome also appears to be a significant risk factor for cardio-
vascular and total mortality, providing additional information to models including established risk 
factors for CVD  (41,   42) . The presence of the metabolic syndrome also predicted mortality in indi-
viduals without diabetes or CVD at baseline in one recent study  (41) . Moreover, there appears to be 
a dose response relationship between number of components of the metabolic syndrome present and 
cardiovascular morbidity and mortality, with risk being greatest in subjects with multiple components 
of the syndrome and in those who are smokers  (42) .  

  Obesity and Increased Waist/Hip Ratio 
 The increasing worldwide prevalence of obesity has contributed to the increased recognition and 

diagnosis of the metabolic syndrome. Although numerous studies have demonstrated a positive rela-
tionship between obesity and insulin resistance  (48,   49) , it must be emphasized that individuals with 
a BMI in the normal range may also have insulin resistance and the metabolic syndrome  (50) . In addi-
tion, BMI and insulin sensitivity do not have a simple linear relationship since body fat distribution 
appears to be an important determinant of insulin sensitivity  (51) . Waist circumference and waist to 
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hip ratio are used in large observational studies to assess visceral adiposity, since the most accurate 
measurements of central adiposity, namely computerized tomography (CT) and magnetic resonance 
imaging (MRI) and, possibly, dual-energy X-ray absorptiometry scanning (DEXA)  (52,   53) , cannot 
be utilized in large population studies. CT, MRI, and DEXA have enabled an examination of the 
relationship between visceral adiposity and insulin resistance in research studies but are not recom-
mended for routine clinical use. In subjects who lose weight, improvement in insulin sensitivity is 
correlated with the reduction in visceral fat  (54) , with visceral adipose tissue explaining 54% of the 
variance in insulin sensitivity between lean insulin-resistant, lean insulin-sensitive, and obese insulin-
resistant subjects in one study  (55) . 

 The relative importance of visceral adiposity has been linked to the release of free fatty acids 
directly into the splanchnic circulation, as opposed to the systemic circulation where fatty acids from 
subcutaneous fat are released. Release of free fatty acids into the splanchnic circulation leads to direct 
effects on hepatic metabolism and pancreatic function. An alternative explanation is the differential 
secretion of metabolically active hormones by subcutaneous and visceral adipose tissue. Several 
metabolically active hormones, such as leptin and adiponectin, are secreted preferentially by subcu-
taneous adipose tissue  (56) . Adiponectin appears to have an important role in the pathogenesis of the 
metabolic syndrome, and its levels are reduced in subjects with visceral adiposity  (57)  and levels 
increase with weight loss and exercise. Adiponectin levels are inversely correlated with insulin resis-
tance  (58,   59)  and have been shown to predict future development of diabetes and CVD and may also 
be linked with several obesity-associated malignancies. In addition, visceral adipose tissue secretes a 
number of proinflammatory cytokines, which may contribute to the increased CVD risk in this 
population.  

  Dyslipidemia 
 The classic lipid profile in individuals with the metabolic syndrome includes elevated triglycerides, 

reduced HDL, and elevated atherogenic low-density lipoprotein (LDL) (predominantly small dense 
particles)  (60) . The association between dyslipidemia-increased visceral adiposity and insulin resist-
ance has been confirmed by several studies including a study of middle-aged men and women who 
were either lean and insulin-sensitive or obese and insulin-resistant. Increasing visceral adiposity was 
associated with increased triglycerides, LDL-cholesterol, LDL particle size and apolipoprotein B, and 
decreased HDL-c  (61) . 

 The process through which insulin resistance leads to these changes in lipid profile is incompletely 
understood as, under normal circumstances, insulin inhibits the secretion of very low-density lipopro-
teins (VLDL) into the circulation  (62) . In the metabolic syndrome, increased delivery of free fatty 
acids to the liver and increased production of apo B-containing, triglyceride-rich VLDL occurs. The 
reduced HDL levels observed may be a result of increased clearance, a consequence of the high 
triglyceride levels and thus may be an indirect consequence of insulin resistance. 

 Small dense LDL particles result from the increased triglyceride content of the serum as unesterified 
and esterified cholesterol is depleted from the particles leaving predominantly LDL triglyceride  (63) . 
Whether LDL particle size is an independent risk factor for CVD or merely reflects other changes in 
lipid profile associated with the metabolic syndrome is debated. There is evidence from animal and 
ex vivo studies suggesting that these small particles may be more atherogenic as they are more easily 
able to transit through endothelial basement membrane, are more toxic to the endothelium, and have 
increased susceptibility to oxidation  (64) . 

 Fasting lipid profile should be obtained at least yearly in individuals with the metabolic syndrome. 
There is evidence that individuals with the metabolic syndrome may benefit from more aggressive 
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lipid-lowering therapy  (65) ; however, cardiovascular risk assessment and international guidelines 
should be used as a basis for therapeutic decisions  (3) .  

  Hypertension 
 The relationship between elevated blood pressure and risk for CVD is well known  (66) . 

Hypertension is one of the key features of the metabolic syndrome and the association appears to be 
multifactorial with both obesity and insulin resistance contributing. In an analysis of the NHANES 
data on trends in hypertension, about 2%, or more than half, of the increase in the prevalence of 
hypertension could be attributed to increases in BMI in the population  (67) . 

 Insulin resistance is thought to contribute to hypertension in the metabolic syndrome through an 
effect of insulin to increase renal sodium absorption and activation of the sympathetic nervous system 
 (68,   69) . In contrast, the normal vasodilatory effects of insulin are lost in states of insulin resistance, 
and fatty acids may also contribute to vasoconstriction  (70) . In spite of these proposed mechanisms, 
insulin resistance alone does not completely account for the increased prevalence of hypertension in 
the metabolic syndrome and further study in this area is warranted  (71) . 

 Whatever the etiology, individuals with the metabolic syndrome should have close monitoring and 
aggressive management of hypertension. In individuals with type 2 diabetes, the goal of therapy is 
blood pressure <130/80 mmHg  (34) . In persons with hypertension (blood pressure 140/90 mmHg), 
drug therapies are required according to Joint National Committee 7 recommendations  (72) .  

  Proinflammatory State 
 Insulin resistance and obesity are recognized proinflammatory states and the increased proinflam-

matory cytokines in the circulation may be involved in the increased risk of CVD in this population. 
There is increased secretion of tumor necrosis factor-alpha (TNF- α ) and IL-6 from adipose tissue and 
increased production of acute phase reactants, CRP and fibrinogen, by the liver  (73) . These inflamma-
tory mediators in turn impair insulin action in target tissues and contribute to insulin resistance  (73) . 

 Measurement of CRP is the most practical way to assess the presence of an inflammatory state. 
CRP levels tend to be higher than normal in patients with the metabolic syndrome and although 
elevated CRP levels are an emerging risk factor for CVD  (74) , the utility of routine measurement of 
CRP in practice remains unproven. The American Heart Association (AHA) and Centers for Disease 
Control and Prevention (CDC) have issued guidelines for measurement of CRP in clinical practice 
 (75) . They have suggested that such testing should be limited to individuals assessed to be at interme-
diate risk by Framingham scoring, that is, those whose 10-year risk for coronary heart disease (CHD) 
is in the range of 10–20%. The purpose of CRP testing in an intermediate-risk patient is to find those 
with high CRP levels whose risk category subsequently could be raised to high. The practical conse-
quences of elevating the risk category would be to intensify lifestyle therapies, make certain that 
low-dose aspirin is used, and set lower LDL goals. The magnitude of independent predictive power 
of elevated inflammatory cytokines and acute-phase proteins remains uncertain  (76,   77) . In addition, 
whether interventions to lower CRP will lead to reduced CVD events remains unknown.  

  Other Conditions 
 The metabolic syndrome is associated with multiple additional clinical and laboratory changes. 

Several common conditions, which do not form part of the diagnostic criteria, have been associated 
with the metabolic syndrome and insulin resistance. Nonalcoholic steatohepatitis is increasingly 
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recognized as the hepatic manifestation of the metabolic syndrome and is becoming a frequent cause 
of end-stage liver disease in western populations  (78,   79) . In females, PCOS is also considered an 
insulin-resistant syndrome with increased risk of diabetes and CVD  (80,   81) . Furthermore, interven-
tions known to improve insulin resistance, such as weight loss and metformin, also improve ovarian 
function in this condition. Gout, although not part of modern diagnostic criteria, was one of the original 
metabolic disturbances described as part of the syndrome in the 1920s. We now know that the elevated 
uric acid levels are a result of insulin action on the renal tubular reabsorbtion of uric acid  (82) . 
In nondiabetics of Asian and African ancestry, elevated serum uric acid was closely associated with 
components of the metabolic syndrome  (83) . Whether uric acid levels provide additional information 
in predicting future CVD and diabetes need to be studied. Obstructive sleep apnea occurs commonly 
in individuals with the metabolic syndrome and has been independently associated with insulin resis-
tance. This may be an effect mediated through the sympathetic nervous system or an effect of hypoxia 
to induce target organ insulin resistance  (84) . Several cancers such as breast, colon, prostate, and 
endometrial cancer have also been associated with obesity and insulin resistance through an effect 
possibly mediated through reduced adiponectin levels or altered insulin and insulin-like growth factor 
levels  (85) .       
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  A bstract  

 There is a well established relationship between physical activity, metabolism, diabetes, and cardio-
vascular risk. In fact, numerous prospective epidemiological studies demonstrate an inverse correlation 
between physical activity and mortality, both cardiovascular and all cause mortality. This association is 
plausible when considered in the context of the impact of physical activity upon metabolic parameters 
that modulate cardiovascular risk such as blood pressure, dyslipidemia, inflammatory markers, and carbo-
hydrate tolerance. Exercise is also pivotal for weight maintenance and prevention of obesity, a leading 
cause of new onset diabetes, which in turn contributes significantly to cardiovascular disease burden and 
mortality, as well as to noncardiac and all cause mortality. Prospective studies demonstrate the ability of 
diet and exercise to prevent progression from impaired glucose tolerance to diabetes. Despite the salutary 
effects of exercise on diabetes and cardiovascular risk, recent literature indicates that people with diabetes 
do not exercise as much as those without. This failure to exercise is likely behavioral and functional. Our 
recent work demonstrates that there are defects in both maximal and submaximal exercise function in 
persons with type 2 diabetes mellitus. In this chapter, we will review the cardiovascular and metabolic 
impacts of exercise, the relationship of exercise to diabetes prevention, and work from our lab examining 
the impact of diabetes on exercise capacity with some insights into the general mechanisms likely to be 
involved. The later chapters in this section will outline the impact of exercise on body composition and on 
cardiac, skeletal muscle, and endothelial function in additional detail   .    
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  INTRODUCTION  

 Poor physical fitness is associated with increased morbidity and mortality. It has been observed 
consistently that low cardiorespiratory fitness and physical inactivity predict mortality in normal 
weight and obese men, in older men and women, and in men with Type 2 Diabetes Mellitus (T2DM) 
 (1–  9) . Sedentary behavior has been clearly implicated as a factor leading to the development of 
diabetes as well as the worsening of cardiovascular (CV) outcomes of diabetes. Physical inactivity has 
become so common that one group has coined the term “sedentary death syndrome”  (10) . The seden-
tary death syndrome model proposes that evolution favored genes that support the physical activity 
required for long-term health in an agrarian society and that sedentary behavior is maladaptive. 

 Exercise has long been recognized as a cornerstone for the treatment of patients with T2DM. Over 
80 years ago, Allen et al. reported that a single bout of exercise lowered the blood glucose concentra-
tion of persons with diabetes and improved glucose tolerance temporarily  (11) . Since that observation, 
numerous studies have confirmed the beneficial effects of exercise for persons with T2DM  (12–  17) . 
Paradoxically, despite extensive data indicating the importance of physical activity and exercise, 
60–80% of adults with T2DM do not exercise sufficiently, and adherence to exercise programs is low 
in these patients  (18,   19) . One possible reason for this is that exercise performance is impaired in 
individuals with diabetes, even in early, uncomplicated T2DM  (20–  23) . This impairment will be 
discussed in detail in a later section.  

  BENEFITS OF ROUTINE PHYSICAL ACTIVITY  

  CV Disease and All-Cause Mortality 
 Meta-analyses covering over 2.6 million person-years of study provide indisputable support for 

the reduction in CV disease (CVD) risk associated with physical activity and with physical fitness. 
A 2001 meta-analysis of 23 studies representing more than 1.3 million person-years of follow up 
demonstrated a linear decrease in CVD risk with increased physical activity  (7) . Relationship to 
fitness was more complex with a precipitous decline in CVD risk occurring before the 25th fitness 
percentile. In terms of mortality, one study found that low CV fitness predicted CV and all-cause 
mortality in a cohort of 25,714 healthy men (Fig.  1a )  (3) . The same observation held true for a 
cohort of 1,263 diabetic men  (2) , and the mortality benefit of CV fitness was observed even in 
obese subjects. The relationship between physical activity, obesity, and mortality has been addressed 
directly by Blair et al.. They examined subjects with body mass index (BMI) less than 25, 25–30, 
or greater than 30 and found that lower habitual physical activity was associated with increased 
mortality in all groups  (24) . Similar benefits and a similar dose response have been demonstrated 
for people with diabetes (Fig.  1b )  (6,   8) . A similar relationship between fitness and mortality was 
found among hypertensive men  (25) , smokers and nonsmokers, and individuals with elevated and 
with normal cholesterol levels  (26) . Furthermore, the increases in CVD and all-cause mortality 
associated with the metabolic syndrome and with obesity were eliminated or attenuated to less than 
statistical significance when mortality was adjusted for cardiorespiratory fitness, suggesting that 
the observed mortality effects of these conditions are largely explained by lower CV fitness in these 
groups  (4) . In another epidemiological study, even occasional physical activity (one or less bouts 
per week) conferred a hazard ration of 0.70–0.59 compared with no physical activity  (5) . This sort 
of evidence can be affected by selection bias and confounding variables. However, the consistency 
of the observations supports a cause and effect relationship between physical activity and decreased 
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mortality, which is biologically plausible based on the impact of physical activity on lipids, blood 
pressure, endothelial function, carbohydrate tolerance, diabetes, and possibly inflammation and 
fibrinolysis.   

  Lipids 
 Results have been mixed in studies examining the effect of exercise interventions on lipid levels, as 

reviewed in  (27) . In general, studies with longer interventions (greater than 6 months) of higher intensity 
have been most likely to show increases in HDL levels and reductions in cholesterol and triglyceride (TG) 
levels. For instance, in 111 sedentary, overweight men and women with mild to moderate dyslipidemia, 
Kraus et al. found significant reduction in LDL and TG levels and improvement in HDL level with their 
highest intensity intervention and increases in LDL particle size in all exercise groups after 6 months  (28) . 
However, a recent study with a 9-month running intervention in young healthy adults showed only an 
insignificant trend toward LDL lowering and no effect on HDL or TG levels despite a 24% increase in peak 
VO 

2
   (27) . A significant reduction in apoB was reported, suggesting again that exercise may induce antia-

therogenic changes in LDL particle size. A recent meta-analysis of studies of 2–12 months of exercise in 
subjects with T2DM found a significant decrease in TG levels, but no significant change in HDL or LDL 
 (29) . Another study with a 31-week exercise intervention in subjects with T2DM did demonstrate a signifi-
cant increase in HDL in addition to decreased TG, but stable LDL  (30) . Unfortunately, the effects of diet 
have not been distinguished from those of exercise in most available studies. 

  Fig. 1.    ( a ) Improved survival in cardiovascularly fit ( solid line ) vs. unfit ( dotted line ) men with Type 2 Diabetes 
Mellitus (T2DM) over 12 years of follow-up in a cohort of 14,777 men  (  2  ) ; ( b ) increased age-adjusted relative risk 
of all-cause mortality with decreased cardiovascular fitness in all weight categories in 2,196 diabetic men over 32,162 
person-years of observation  (  6  ) . Reprinted with permission from  Diabetes Care and Ann Int Med.        
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 Overall, HDL response to exercise training is variable and appears to depend upon multiple factors 
including dose, gender, and genetic background. As summarized by Ring-Dimitriou, studies support 
the need for longer duration, higher intensity exercise for significant HDL-raising effects  (27) . They 
also suggest that gender differences may exist with greater benefit occurring in men than in women. 
This may reflect higher baseline HDL in female subjects. Recently it was reported that there may 
be genetic determinants of whether people will respond to exercise by increasing HDL cholesterol. 
A polymorphism in the PPAR delta receptor (more common in Causcasians) was associated with a 
significantly greater improvement in HDL with exercise training  (31) . It is reasonable to conclude that 
exercise training may have a positive effect on lipids, but it should not be employed in lieu of lipid 
lowering phamacotherapy when indicated. At present it does represent one of the very few interven-
tions, and arguably the safest intervention, with potential for raising HDL.  

  Fibrinolysis 
 In addition to the well-established risk factors, an elevated level of plasma fibrinogen has also been 

reported to be a CV risk factor. Acute exhaustive exercise stimulates both thrombosis and fibrinolysis 
with a net neutral effect on hemostasis in most populations  (32,   33) . In the general population, the 
chronic and immediate postexercise responses in the thrombotic and fibrinolytic systems have been 
shown to be variable and reflect differing adaptations with ageing and responses to exercise protocols. 
In a recent study, investigators examined hemostatic variables including factor VII activity (FVIIa), 
tissue factor pathway inhibitor factor Xa complex (TFPI/Xa), and plasminogen activator inhibitor-1 
(PAI-1) antigen activity after a high fat meal before and after exercise training  (34) . They observed 
reduction in the potential for coagulation and improved fibrinolytic potential in trained subjects with 
the meal stimulation suggesting that under certain conditions (e.g., postprandially) exercise may have 
cardiovascularly beneficial effects on hemostasis. 

 In people with diabetes the results are similarly variable. Fibrinogen level is elevated in men and 
women with T2DM  (35) . Results to date are not clear as to whether exercise training decreases 
fibrinogen level in the person with T2DM. Schneider et al. found that although VO 

2
max  increased by 

8% with 6 weeks of training, fibrinogen level did not change significantly in a group of sedentary 
persons with T2DM  (36) . Conversely, Hornsby et al., found that a 12.5% increase in VO 

2
max  after 

12–14 weeks of training was associated with a significant decrease in fibrinogen level in sedentary 
persons with T2DM  (37) . In the large Finnish Diabetes Prevention Study a combined diet and exercise 
intervention decreased PAI-1 level consistent with improved fibrinolysis  (38) . Another recent study 
found improved fibrinolysis after 6 months of aerobic training in overweight to obese men and women 
 (39) . Interestingly, improvements were significantly greater in men than in women and correlated 
closely with abdominal fat. Thus, the effect of exercise training on fibrinolysis appears to be generally 
salutary and may be mediated by changes in body composition, but this relationship requires further 
investigation.  

  Blood Pressure 
 High blood pressure is a leading contributor to CV mortality, and there is a consistent inverse relation-

ship between physical activity and blood pressure in cross-sectional studies. The first study to examine 
the impact of training upon blood pressure was conducted by Jennings with a very rigorous exercise 
program in sedentary men  (40) . Over the last few decades a dose–response effect of exercise on blood 
pressure has been observed in both men and women, including those with CV and metabolic comorbidi-
ties. A recent meta-analysis assessed 72 longitudinal intervention studies to determine the impact of 
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exercise training on blood pressure  (41) . Studies included both hypertensive and normotensive subjects. 
Overall the analysis demonstrated a small (3 mmHg), but clinically and statistically significant, decline 
in both systolic and diastolic average blood pressure, with a greater reduction in hypertensive subjects. 
They concluded that endurance training decreases blood pressure through a reduction in systemic 
vascular resistance secondary to decreased sympathetic nervous system and renin–angiotensin system 
activity. In a recent study of 30 obese T2DM subjects, a 3-month exercise intervention improved both 
systolic and diastolic blood pressure  (42) . Overall, improvement of blood pressure with exercise training 
is the most consistently demonstrated benefit of physical activity on CV health.  

  Endothelial Function 
 Coronary and peripheral artery endothelial dysfunction (ED), most often measured as impaired 

vasodilator response to mechanical or pharmacologic stimuli, have been shown to correlate with CVD 
risk, cardiac events in known CVD, and poor prognosis in CVD  (43–  48) . Exercise training improves 
endothelial function in the context of metabolic disease and CVD. For instance, in a study of patients 
with congestive heart failure (CHF), 4 weeks of lower leg exercise training significantly improved 
upper extremity endothelium-dependent vasodilation, but not endothelium-independent responses 
 (49) . Another study demonstrated improved flow-mediated dilatation (FMD) with a 12-week tread-
mill training program in hypertensive men  (50) . Such responses to exercise training have also been 
demonstrated in insulin resistant and diabetic subjects. Kelly et al. showed that 8 weeks of stationary 
bike training significantly improved brachial artery FMD in a group of overweight children relative 
to a sedentary control group  (51) . Similarly Meyer et al. found improved ED after 6 months of endur-
ance training in obese sedentary children  (52) . Two recent studies demonstrated improvement in 
endothelium dependent vascular reactivity after 8 weeks of exercise training in overweight and T2DM 
adult subjects  (53,   54) . A third showed improvement in biomarkers of ED after 6 months of training 
in older patients with T2DM  (55) . In contrast, in a study of T2DM subjects no improvement was seen 
in microvascular function as measured by maximum skin hyperemia after 6 months of aerobic exer-
cise training  (56) . Other studies have failed to find benefits of exercise on endothelial function in 
healthy individuals without baseline ED, for instance in healthy relatives of T2DM individuals  (57)  
and in healthy middle aged men  (58) . The weight of evidence suggests that exercise training does 
significantly improve impaired endothelial function, but has no significant impact in normal vessels.  

  Inflammation and Immunity 
 The relationship between exercise and immune function is reported to be a “J” shaped curve 

wherein increasing from sedentary to moderate activity improves immune function but exercise train-
ing in elite athletes may diminish immune function (especially in the first 24 h after a bout of exhaus-
tive exercise)  (59) . Regular performance of about 2 h of moderate exercise per day is associated with 
a reduction of risk for common viral infections of 29% compared to sedentary subjects  (60) . In con-
trast, exhaustive exercise such as a marathon is associated with a 100–500% increase in the risk of 
viral infection  (61) . It is worth noting that it is the rare individual who will exercise rigorously greater 
than 2 h per day, so the potential deleterious effects of exhaustive exercise are not likely to be observed 
in the general population. 

 Inflammation, the other face of the immune spectrum, is one of the universal mechanisms contributing 
to the initiation and progression of atherosclerosis  (62)  and the development of T2DM  (63,   64) . In general 
short term moderate intensity exercise interventions have a modest positive impact on some subset of 
circulating cytokines such as IL-1, -6, and -18, CRP, and TNF-α; presumed anti-inflammatory markers 
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such as adiponectin (and IL6?, see later); and inflammation-related cell adhesion molecules such as 
VCAM, ICAM, and the selectins  (55,   57,   65–  68) , but exact methods and results have been mixed. For 
instance, Zoppini et al. found stable CRP and decreased ICAM and P-selectin following 6 months of aero-
bic exercise in older, sedentary, overweight diabetics  (55) . In contrast, Olson et al. found reduced CRP 
and increased adiponectin, but stable cell adhesion markers after 1 year of resistance training in over-
weight women  (65) . In addition, there are studies that do not demonstrate any exercise-induced change in 
circulating inflammatory markers  (69) . Thus, evidence regarding the effect of exercise on inflammation 
is mixed and apparently heavily dependent upon the baseline status of the population and on the nature, 
intensity, and regularity of the exercise intervention. It is likely that a muscle damaging level of exercise 
can cause inflammation while more modest or habitual exercise reduces systemic inflammation to some 
degree. The net result is therefore a balance of these two opposing forces. Further studies are clearly 
necessary for a better understanding of the effects of exercise on systemic inflammation. 

 A further complication to this question arises from the fact that one of the cytokines that is frequently 
measured in studies of inflammation in metabolic syndrome, obesity, and diabetes is IL-6. A large body 
of recent data suggests that IL-6 has pleiotropic effects that include significant metabolic and insulin 
sensitizing effects, as well as possible anti-inflammatory effects [reviewed in  (70,   71)] . IL-6 is 
produced by skeletal muscle during sustained exercise and plasma levels of IL-6 are transiently 
dramatically elevated in response to exercise. Studies of IL-6-deficient mice have demonstrated that these 
animals have decreased exercise endurance, decreased O 

2
  consumption during exercise, and impaired 

fatty acid oxidation in response to exercise  (72) . These effects appear to be mediated by a decrease in 
induction of AMP kinase activity and of fatty acid oxidation pathways in exercising muscle, by 
decreased lipolysis in adipocytes and glucose release from the liver, and by a decrease in sympathetic 
outflow during exercise  (70) . Overall the literature is consistent with a crucial role for IL-6 in exercise 
performance and in the generation of a high turnover metabolic state during exercise and other forms 
of physical stress. Interestingly, by 9 months of age the IL-6-deficient mice are obese and have several 
features of metabolic syndrome including impaired glucose tolerance. Clearly, a full understanding of 
IL-6’s complex role in exercise, metabolism, diabetes, and inflammation awaits further studies.  

  Obesity 
 Obesity is a common problem for persons with T2DM. Exercise conditioning may serve as an 

adjunct therapy especially when linked to diet. However, in the absence of diet exercise does not 
consistently lead to weight loss although body composition may be improved  (73) . These changes in 
body composition include decreased visceral adiposity and thus may have significant beneficial effects 
on CV risk factors. However, exercise training without dietary change results in minimal absolute 
weight loss despite greater than 60–90-min a day of moderate activity  (74) . In contrast to the limited 
impact of isolated exercise for weight loss, exercise is very effective for prevention of weight gain, 
acceleration of weight loss in combination with diet, and most importantly maintenance of weight loss. 
In a community-based study, introduction of walking and healthy snacks prevented weight gain  (75) . 
Similarly, in the National Weight Control Registry, comparison of a group of subjects who have main-
tained a substantial weight loss for greater than 12 months with those who regained weight suggests that 
physical activity of greater than 2,000 calorie per week is a crucial element of long-term success  (76) . 
When exercise mediation of weight loss has been examined prospectively, similar results are reported. 
For example, an intervention with diet with or without exercise for 12 weeks resulted in a weight loss 
of 10 kg with diet alone and 14 kg with diet plus exercise. After 12 weeks the dietary intervention was 
discontinued but the exercise intervention continued. At 36 weeks the diet group had regained all but 
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4 kg whereas the exercise group maintained 12 kg of weight loss  (77) . It is critical to understand that 
exercise alone does not lead to weight loss and to convey this to patients so that they will have an 
appreciation of the role of exercise and not be discouraged by an apparent lack of weight loss results 
from their exercise regimen.  

  Glucose Regulation and Insulin Sensitivity 
 Glucose metabolism in response to exercise has been extensively studied as it poses an important 

clinical challenge. Exercise has two different impacts on carbohydrate metabolism, the bout effect and 
the training effect. The bout effect refers to the direct impact of an episode of exercise on glucose 
during the exercise and for an interval of 1–72 h after the exercise is complete. Exercise training is 
typically considered routine physical activity that increases functional exercise capacity for which the 
gold standard is maximal exercise capacity (VO 

2
max ). Exercise training usually also effects body 

composition, especially lean body mass. The benefits of exercise for glycemia likely result from a 
combination of the bout and training effects. 

 It is well established that even a single bout of exercise has a pronounced effect on the metabolism 
of the person with T2DM. In fact, much of the benefit of training may be due to the most recent bout 
of exercise  (78,   79) . In support of the concept that single bouts of exercise affect metabolic parame-
ters, Devlin and others reported that a single bout of glycogen-depleting exercise in patients with 
T2DM significantly increased glucose disposal for up to 12–16 h postexercise due to an enhanced rate 
of nonoxidative glucose disposal  (78) . This increase occurs at the level of both liver and muscle tissue 
 (80) . Others have found that exercise conditioning for 1 week increases whole body insulin-mediated 
glucose disposal  (81)  and glucose tolerance  (12)  in patients with T2DM. It is not completely clear 
how much metabolic benefit is derived from a single bout of exercise versus the effect of cumulative 
bouts, but it is clear that the benefit of a bout of exercise is lost rather quickly so that repeated exercise, 
probably daily, is needed for long-term, bout effect benefits on glucose metabolism. In addition, a 
very brief period of exercise such as a single bout or even a week of exercise is clearly insufficient to 
cause increases in maximal oxygen consumption, changes in body composition, or improvement in 
other CV parameters, which are affected by longer periods of training and have clear independent 
mortality benefits, as well as potential independent effects on glucose metabolism. 

 The effects of exercise training or routine physical activity on insulin sensitivity are likely to be 
complex and multifactorial, and the relative roles of decreased visceral fat, CV fitness, and cumula-
tive bout effects of exercise have yet to be defined [reviewed in  (82)] . Recent studies clearly 
demonstrate that exercise training leading to increased fitness (generally defined as an increase in 
VO 

2
max ) also results in improved insulin sensitivity as measured by the gold standard hyperinsuline-

mic euglycemic clamp  (83,   84) . These studies also compared exercise regimens consisting of moder-
ate versus high intensity activity but with equal exercise energy expenditure and found greater effects 
on insulin sensitivity with higher intensity physical activity despite similar effects on VO 

2
max . 

These results suggest that fitness per se may not correlate directly with insulin sensitivity. Others 
have asked whether the benefits of long-term exercise training (as opposed to the bout effect) on 
insulin sensitivity can be completely accounted for by changes in visceral adiposity and have had 
mixed results [reviewed in  (82)]  .

 The clinical implications were recently assessed in a meta-analysis that concluded that at least 12 
weeks of exercise training, either aerobic, resistance, or combination training, results in a reduction 
in hemoglobin A1c of 0.8%, an effect that is comparable to the improvement typically achieved by 
dietary or single agent drug therapies  (85) .  
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  Prevention of Diabetes 
 The role of exercise in the prevention of diabetes is unequivocal but has been most often and best 

studied in the context of a combined diet and exercise intervention. Early epidemiological and sociologi-
cal evidence demonstrated a strong inverse correlation between habitual physical activity and incidence 
of diabetes. This evidence included the change in incidence of diabetes with a move from a rural life-
style, observed in American versus Mexican Pima Indians. This relationship has been observed across 
diverse populations including male college alumni, female college alumni, registered nurses, and British 
men [reviewed in  (86)] . These observations were followed by a set of prospective studies, the Finnish 
Diabetes Prevention Study  (87) , Da Qing Study  (88) , and the Diabetes Prevention Program  (89) . In all 
of these studies a diet and exercise intervention prevented transition from impaired glucose tolerance 
to diabetes in 50–60% of individuals. Only the Da Qing Study included an exercise alone arm. The 
preventative effect of exercise in this arm was similar to that observed with diet alone and was independent 
of weight loss, though body composition was not addressed. The success of exercise in diabetes preven-
tion is likely to result from one or more of the effects described earlier, specifically improved insulin 
sensitivity, decreased visceral adiposity, and/or modulation of inflammation and oxidative stress.   

  EFFECTS OF T2DM ON EXERCISE PERFORMANCE  

  Introduction 
 Persons with T2DM are at higher risk than nondiabetics for coronary artery disease, stroke, and 

peripheral arterial disease due to accelerated atherosclerosis  (90) . Exercise conditioning is thus likely 
to be especially beneficial in these individuals through the modification of CV risk factors discussed 
earlier  (79,   91) . Furthermore, the observed beneficial effects of physical activity on insulin sensitivity 
and glucose metabolism make it clear that, in addition to reducing CV morbidity and mortality, exer-
cise training, or even an increase in the level of habitual physical activity, has a key role in the 
management of diabetes. Yet the population studies described earlier indicate that people with T2DM 
are generally less active than nondiabetic people. While some aspects of this behavior may be accounted 
for by lifestyle choices that contribute to the initial development of diabetes, recent evidence suggests 
that pathophysiological factors may also contribute to this decrease in activity. This section will pri-
marily address changes observed in subjects with T2DM in CV or cardiopulmonary exercise perform-
ance, defined by maximal oxygen consumption (VO 

2
max ) and by kinetics of oxygen consumption 

during submaximal exercise. These data suggest that the cause and effect relationship of the correla-
tion between low physical activity and diabetes may be bidirectional.  

  Maximal Exercise Capacity 
 Studies have clearly demonstrated that people with T2DM have a reduced CV exercise perform-

ance compared with nondiabetic persons matched for age, weight, and/or physical activity as 
evidenced by a lower VO 

2
max  during incremental exercise (e.g., Table  1 )  (15,   16,   22,   92–  95) . The 

overall difference in VO 
2
max  between healthy persons and persons with T2DM is approximately 

20%. The mechanisms for this impairment have not been completely elucidated. However, based 
upon available data, central cardiac and peripheral factors limiting systemic oxygen delivery, as well as 
defects in tissue oxygen extraction may all play a role (see later for potential mechanisms leading to 
exercise impairment). Interestingly, limited data suggest that although both men and women with 
T2DM demonstrate the exercise abnormality, women with T2DM may show worse CV exercise per-
formance than male T2DM relative to their nondiabetic counterparts  (96) . The gender relatedness 
of this preliminary observation in T2DM is currently under investigation.       
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  Submaximal Exercise Tolerance and Oxygen Uptake Kinetics (VO 
2
  Kinetics) 

 The exercise abnormality observed at maximal exercise in T2DM is also observed during less 
vigorous physical activity (i.e . , submaximal exercise). During the early stages of an incremental exer-
cise test, oxygen uptake (VO 

2
 ) increases with each increase in work rate. In nondiabetic individuals, 

there is a predictable increase in VO 
2
  to meet the metabolic demand for a given increase in workload 

(e.g., ~10.1 ml/min/W)  (97) . The VO 
2
  to work load relationship thus describes an individual’s overall 

ability to adjust to the exercise stress, and reductions in the slope of this relationship have been shown 
to effectively indicate abnormalities of cardiac output and gas exchange in cardiopulmonary and vascular 
diseases  (98) . 

 Similar to persons who have overt CVD, the increase in VO 
2
  per unit of increase in workload is 

reduced in people with T2DM compared with healthy controls  (22) . Potential mechanisms for this 
abnormal response include a decrease in oxygen delivery and decreased cardiac function, and/or an 
abnormality of muscle oxidative metabolism. To further evaluate this possibility, submaximal 
constant-load exercise has been employed. Unlike graded or incremental exercise, constant-load exercise 
is performed at a moderate workload below the individual’s lactate threshold, where a steady-state 
VO 

2
  for a given work rate can be obtained. 

 Following the onset of exercise, VO 
2
  rises exponentially to steady state, the time course of which 

represents the VO 
2
  kinetic response. The VO 

2
  kinetics are determined by the systemic integration of 

muscle VO 
2
 , CV adaptations of oxygen delivery, and pulmonary gas exchange. Three phases of the 

pulmonary VO 
2
  response to the change from rest to moderate constant-load exercise have been 

proposed  (99,   100) . At the onset of exercise, pulmonary VO 
2
  in the lungs increases abruptly for the 

first 15–20 s as cardiac output and pulmonary blood flow initially increase (cardiodynamic phase or 
phase 1). Following a circulatory transit delay (usually about 20–40 s), VO 

2
  then increases exponen-

tially (phase 2), reflecting the increase of muscle VO 
2
  as tissue oxygen extraction and blood flow 

increases to meet the exercise demand  (101,   102) . This is the primary component of VO 
2
  kinetics and 

is described by a time constant (tau) reflecting the time to reach ~63% of the increase in VO 
2
 . Phase 

2 ends as muscle VO 
2
  and pulmonary gas exchange reach a steady state. Phase 3 is the steady-state 

VO 
2
  during moderate exercise. 

 In the healthy individual, VO 
2
  kinetics may be limited by either a maldistribution of blood flow to 

the working tissues limiting O 
2
  transfer or by the inertia of oxidative metabolism  (101,   103) . In disease 

 Table 1 
  Maximal Exercise Capacity  

  Lean control    Obese control    DM  

 Age (years)  36 ± 6  37 ± 6  42 ± 7 
 Fat free mass (kg)  42 ± 7  48 ± 5  47 ± 5 
 HgbA1c  6.0 ± 0.6  5.3 ± 0.5  9.0 ± 0.4* 
 Maximal exercise response 
  VO 

2
max  (pre)  25.1 ± 4.7  21.8 ± 2.9  17.7 ± 4.0 *  

  (post)  26.0 ± 6.0  23.0 ± 1.8**  22.4 ± 5.5** 
 Maximal RER  1.13 ± 0.08  1.12 ± 0.06  1.16 ± 0.13 

  RER  respiratory exchange ratio 
 * P  < 0.05 for difference between T2DM and controls 
 ** P  < 0.05 for difference between pre and post training. Data are mean ± SD [Printed with 

permission from  J. Appl. Physiol. and Diab. Care   (22,   92)]  
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states where oxygen delivery is compromised, as with CVDs, VO 
2
  kinetics are limited by the body’s 

ability to deliver oxygen to working muscle, and therefore may directly reflect impaired oxygen deliv-
ery  (104,   105) . Since impaired cardiac output and/or local distribution of blood flow to exercising 
muscles are components of the O 

2
  delivery process, VO 

2
  kinetics may thus provide a measure the 

effectiveness of the CV system in delivering sufficient oxygen to satisfy the requirements of muscle 
during exercise  (106) . In this regard, the time constant of phase 2 VO 

2
  kinetics is prolonged in patient 

groups with abnormal CV responses to exercise, and in general is sensitive to alterations in oxygen 
exchange at the lungs, cardiac output, oxygen diffusion, and rates of tissue oxygen consumption. 

 We have observed that the VO 
2
  kinetic response is slowed in women with T2DM compared to 

nondiabetic women of similar BMI and physical activity levels in the absence of any clinical evidence 
of CVD (Table  2 )  (22) . To prospectively evaluate the effects of T2DM on maximal and submaximal 
exercise performance, we assessed exercise performance in 10 women with T2DM compared to 
groups of 10 lean and 10 obese nondiabetic women of similar age and physical activity levels  (22) . 
We assessed VO 

2
max  (see earlier Table  1 ), submax VO 

2
 , VO 

2
  kinetic responses, and heart rate kinetic 

responses (measuring rate of rise of heart rate at the beginning of exercise). For constant load exercise, 
subjects performed transitions from rest to exercise for 6 min of constant work load cycle ergometer 
exercise at three workloads (two low work rates, 20 and 30 W, and one high work rate, 80 W). We 
found that women with T2DM had not only a lower VO 

2
max  but also reduced VO 

2
  at all submaximal 

work loads (Fig.  2 ) and slower VO 
2
  kinetic and heart rate responses than either obese or lean nondia-

betic controls (Table  2 ). These data suggested that diabetes, rather than obesity per se, is responsible 
for the observed exercise impairments. Additionally, our finding that heart rate kinetics are slowed in 
diabetes suggests a cardiac or “central” oxygen delivery component to the exercise impairment  (22) .       

 More recently, we evaluated the T2DM VO 
2
  kinetic impairment in conjunction with measures of 

skeletal muscle oxygenation using near infrared spectroscopy in 11 T2DM and 11 healthy, sedentary 
subjects  (107) . This combination of measurements allowed the investigation of changes in oxygen 
delivery relative to VO 

2
  at the level of the exercising muscle. We found slowed VO 

2
  kinetics and an 

altered profile of muscle deoxygenation following exercise onset in the T2DM subjects (Fig.  3 ). These 
data indicate a transient imbalance of muscle oxygen delivery relative to muscle VO 

2
  in T2DM con-

sistent with subnormal microvascular blood flow increase in the skeletal muscle of T2DM subjects. 

 Table 2 
  Submaximal Exercise Kinetics  

  LC    OC    DM  

 VO 
2
  kinetics 

  20 W Tau (s)  21.4 ± 8.9  18.4 ± 9.9  42.6 ± 23.8* 
  30 W Tau (s)  28.8 ± 5.3  27.8 ± 8.9  36.8 ± 6.2* 
  80 W Tau (s)  42.8 ± 7.5  41.2 ± 8.2  55.7 ± 20.6 

 Heart rate kinetics 
  20 W Tau (s)  8.5 ± 4.6  10.6 ± 8.2  23.8 ± 16.2* 
  30 W Tau (s)  23.9 ± 13.8  14.2 ± 8.0  40.7 ± 11.9* 
  80 W Tau (s)  41.2 ± 14.8  43.3 ± 11.3  72.3 ± 21.5* 

  LC  lean controls,  OC  overweight controls,  DM  T2 diabetes,  W  watts,  Tau  the monoex-
ponential time constant of VO 

2
  

 * P  < 0.05 difference between T2DM and both control groups. Data are mean ± SD 
[Printed with permission from  J Appl. Physiol .  (22)]  
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  Fig. 2.    This figure illustrates that oxygen consumption, at all submaximal work loads for which there are complete 
data, is reduced in persons with Type 2 Diabetes Mellitus (T2DM) ( open circles ) versus nondiabetic controls ( closed 
circles ) of similar age and activity levels during graded exercise testing  (  23  ) . Reprinted with permission from  Med Sci 
Sports Exerc.        

  Fig. 3.    Pulmonary VO
2
 kinetic and skeletal muscle deoxygenation ([HHb]) responses during the transition from 

unloaded cycling to moderate constant work rate exercise in a healthy control ( a ,  c ) and T2DM subject ( b ,  d ). Loaded 
cycling begins at time = 0.   t   

p
 , time constant of phase 2 pulmonary VO

2
 kinetics.  Solid dark lines  represent curve fit 

of VO
2
 kinetic response. Note slower VO

2
 kinetics ( b ) and overshoot of [HHb] response ( d ) following onset of loaded 

exercise in the T2DM subject.       
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Interestingly, in this mixed set of men and women with T2DM, there were no differences in heart rate 
kinetics compared with sedentary control subjects, suggesting that the exercise abnormality during 
moderate exercise may be mediated by peripheral factors rather than central CV defects in oxygen 
delivery. Current studies are underway to investigate the roles of abnormal control of peripheral blood 
flow and muscle metabolism during exercise on the observed exercise impairment in T2DM.    

  POTENTIAL MECHANISMS LEADING TO EXERCISE IMPAIRMENT  

 There are several potential pathogenic mechanisms that may contribute to the decreased capacity 
for exercise in T2DM. These include metabolic and nonmetabolic sequelae of diabetes in the vascu-
lature and in cardiac and skeletal muscle. These are discussed in the following sections. 

  Hyperglycemia 
 The relationship between markers of glucoregulation and exercise has been investigated to deter-

mine whether these factors are likely determinants of exercise performance. To date, associations have 
not been found between hemoglobin A1C or fasting serum glucose concentration and exercise 
performance  (23,   94,   95,   108,   109) . In other words, although a single bout of exercise improves glycemic 
control (albeit temporarily), changes in glycemic control, per se, do not appear to affect exercise 
performance.  

  Insulin Resistance 
 In contrast to hyperglycemia, various reports have suggested that insulin resistance (IR) is associ-

ated with reduced VO 
2
max  in T2DM  (110–  121) . IR has also been reported to be inversely correlated 

with VO 
2
max  in several disease states in addition to diabetes, including heart failure and chronic renal 

failure  (113,   114) . That this decrease in exercise capacity is independent of other complications of 
diabetes or of the systemic illness associated with heart and renal failure is further supported by the 
recent finding of exercise defects in nondiabetic women with polycystic ovarian syndrome (PCOS) 
 (115)  and of exercise defects in the metabolic syndrome  (116) . The significant decline in VO 

2
max  in 

subjects with PCOS compared to age- and weight-matched controls correlated with all measures of 
IR, but not with other reported measures including blood pressure, cholesterol, and androgen levels. 
In addition, there is an association between IR and low physical fitness level in normotensive men 
with a family history of hypertension  (117) . 

 The cause and effect relationship between IR and impaired exercise performance is not well under-
stood and has been further addressed through the use of a pharmacological intervention to improve 
insulin sensitivity. In a study of 20 women with early, uncomplicated T2DM randomized to rosiglita-
zone or placebo, rosiglitazone treatment resulted in a significant improvement in VO 

2
max  of 7%. This 

improvement correlated with both increased insulin sensitivity and improved endothelial function 
 (110) . 

 While the positive effects of exercise on insulin sensitivity are clear, the earlier results support the 
hypothesis that IR in turn negatively effects exercise capacity. Other literature lends support to mul-
tiple possible mechanisms for such a relationship including IR at the level of the vasculature leading 
to ED (in both peripheral and cardiac circulation), IR at the level of the muscle (cardiac and skeletal) 
leading to a decline in mitochondrial content and/or function, and IR at the level of the heart and/or 
skeletal muscle leading to inefficient substrate utilization. Recent attention has been focused on 
changes in substrate utilization and metabolic inflexibility in IR. Simply stated, insulin promotes 
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carbohydrate utilization. In the absence of sufficient insulin signaling in IR, metabolism relies more 
heavily on fatty acids, a less oxygen efficient fuel source. These mechanisms and their potential rela-
tionship to exercise capacity are discussed further in the following sections. 

  E ndothelial  D ysfunction  

 One possible mechanism for the exercise abnormalities observed in persons with T2DM invokes 
ED as a contributing factor. The exercise abnormalities observed could reflect a deficient endothelial 
dilator response to metabolic demand in heart as well as peripheral skeletal muscle. In this scenario, 
exercise capacity would be limited by peripheral and/or coronary blood flow. It is well established 
that peripheral endothelial function and vascular reactivity in response to pharmacological vasodila-
tors and to cuff ischemia at rest  (118,   119)  as well as in response to exercise are abnormal in adults 
with T2DM compared to nondiabetic controls  (120,   121) . Furthermore, insulin’s physiologic ability 
to enhance endothelium-dependent vasodilation is markedly impaired in diabetic individuals compared 
with that of lean control subjects, and it has been proposed that IR at the level of the endothelial 
cell is invariably associated with ED  (122) . This is supported by the observation that obese subjects 
with and without T2DM have endothelium-dependent vasodilation that is reduced by 40–50% com-
pared with lean control subjects  (123) . In addition, every insulin resistant state studied to date has 
been found to have associated ED  (122) . Thus, IR in T2DM results in ED and to impaired demand-
mediated increases in muscle (and probably cardiac) blood flow, in addition to decreased glucose 
transport into muscle. Alternatively, the vascular dysfunction of T2DM and IR may be a direct result 
of IR at the level of the vascular smooth muscle cell causing altered substrate utilization with a greater 
reliance on less efficient fuels (fatty acids) and consequently impaired smooth muscle function. 
Finally, ED may result from the systemic inflammation and oxidative stress associated with IR and 
obesity. Prompted in part by findings in other disease states, such as heart failure, where an associa-
tion between exercise performance and endothelial function has been reported  (124) , the relationship 
between endothelial function and the exercise abnormalities of T2DM is being investigated further. 

 Support for the ability of ED alone to cause exercise defects comes from the studies of Jones et al. 
using  N -nitro- l -arginine methyl ester ( l -NAME) to reduce nitric oxide (NO) levels prior to performing 
exercise. They found a decrease in maximal oxygen uptake (VO 

2
 max), which correlated with the 

expected reduction in vasodilation and decreased perfusion of large muscle groups  (125) . However, in 
contrast to our studies with T2DM subjects,  l -NAME induced an acceleration of the rate at which oxy-
gen consumption increased with exercise (VO 

2
  kinetics)  (125,   126) . This could be explained by recent 

studies in animals and man demonstrating a role for NO in regulation of myocardial substrate utilization. 
Inhibition of NO synthase in dogs with  l -NAME results in a marked increase in glucose oxidation and 
a decrease in fatty acid metabolism  (127) . It has been proposed that NO interferes with oxidative 
metabolism by competing for O 

2
  binding at cytochrome  c  oxidase in the mitochondrial electron transport 

chain  (128–  130) . The result of such NO-mediated mitochondrial inhibition is to modulate muscle oxida-
tive phosphorylation and muscle VO 

2
  kinetics. Thus, inhibition of NO synthesis alone appears to 

decrease VO 
2
 max, but may speed VO 

2
  kinetics via the removal of NO-mediated effects on mitochondrial 

oxidative metabolism. The fact that both parameters are affected negatively in diabetes implies that 
changes in exercise parameters in diabetes cannot be fully explained by changes in NO synthesis or, 
presumably, ED alone.  

  M yocardial  D ysfunction  

 There are also likely to be cardiac factors contributing to the exercise abnormalities of T2DM. 
Evidence has accumulated for the existence of myocardial dysfunction that is unrelated to coronary 
artery disease in many individuals with diabetes, even early uncomplicated diabetes (e.g.,  131–  138) . 
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This condition has been termed “diabetic cardiomyopathy” and generally refers to a finding of subclini-
cally impaired left ventricular (LV) function at rest  (131,   134,   136,   137,   139, 177)  and/or during exercise 
 (133,   135)  in the absence of major coronary disease or hypertension. The earlier studies have demon-
strated a predominant component of diastolic dysfunction in diabetic cardiomyopathy. Clinically it has 
been shown that cardiac diastolic dysfunction correlates closely with impairments in CV exercise capacity 
in heart failure  (124) , in diabetes  (135, 139) , and in normal subjects  (177) . In our studies of exercise 
dysfunction in T2DM we have found a reduced cardiac output by right heart catheterization during 
exercise in persons with diabetes compared to nondiabetic, healthy, age- and weight-matched controls 
 (140) . In addition, we have observed that pulmonary capillary wedge pressure rises more steeply and to 
a greater level with exercise in T2DM than in controls consistent with significant diastolic dysfunction 
during exercise  (140)  and that this presumed diastolic dysfunction correlates with the observed decrease 
in exercise capacity. Thus while the prevalence, etiology, and clinical significance remain unclear, it is 
possible that diabetic cardiomyopathy plays a significant role in the exercise defects seen in T2DM. 

 Finally, we have also observed that the cardiac diastolic dysfunction, which correlates with the 
decrease in exercise capacity in uncomplicated T2DM, also correlates with reduced myocardial 
perfusion (Regensteiner and Reusch, unpublished results). Based on these studies, impaired coronary 
artery endothelial function may be the mechanism for exercise impairment in T2DM via adverse 
effects on cardiac function. However, other data in the literature suggest the alternative or additional 
mechanisms discussed later.   

  Cardiac Substrate Utilization in Insulin Resistance 
 Cardiac energy production via preferential use of fat over glucose could contribute to exercise defects 

in diabetes. This model is supported by recent studies of cardiac substrate utilization in diabetes. Studies 
examining cardiac fuel utilization in IR DM rodents demonstrated a fixed, excess reliance on inefficient 
fat oxidation in the diabetic myocardium indicating metabolic inflexibility relative to nondiabetic con-
trols  (141) . Mazumder et al. characterized cardiac substrate utilization in mice and found that basal and 
palmitate-stimulated fatty acid utilization were 1.5–2-fold higher in IR ob/ob mice than in wild-type 
mice  (142) . This fuel preference occurred at the expense of cardiac glucose oxidation and was accom-
panied by increased myocardial oxygen consumption with less ATP produced per unit of O 

2
  consumed, 

and impaired cardiac efficiency  (142) . Similar results have been obtained in other IR animal models (db/
db and ZDF) and in human subjects [reviewed in  (143)] . For example, Peterson et al. demonstrated 
increased myocardial oxygen consumption, decreased cardiac efficiency, and increased cardiac fatty 
acid utilization in obese women compared to controls  (144) . However, Knuuti et al. did not find changes 
in cardiac fatty acid utilization in a small study of men with impaired glucose tolerance  (145) . Human 
studies demonstrate that a few days of high fat diet enhance fat oxidation and decrease mitochondrial 
efficiency (Ravussin E, Baton Rouge, LA, Personal communication). This is similar to the skeletal mus-
cle mitochondrial dysfunction and inefficient glucose oxidation observed in subjects with T2DM and 
their relatives  (146,   147) . Inefficient myocardial function usually leads to diastolic dysfunction, which 
is the defect our group has implicated in T2DM subjects with exercise intolerance. 

 Interestingly, increased fatty acid levels and utilization at the expense of glucose oxidation have 
also been demonstrated in ischemic myocardium in both animal models and humans [reviewed in 
 (148)] . This fuel utilization preference has been shown to contribute to cellular acidosis and 
decreased cardiac efficiency in the ischemic heart and it is thought to play a role in ischemic and 
reperfusion injury. Pharmacological stimulation of glucose oxidation with dichloroacetate, an activa-
tor of the pyruvate dehydrogenase complex, rescues these defects in rat ischemic myocardium  (149) . 
Similarly, agents that inhibit fatty acid oxidation (obliging reliance on glucose) decrease infarct size 
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and troponin release in a rat ischemia/reperfusion model  (150) , improve cardiac efficiency  (148) , and 
are currently under investigation as antianginal agents  (151) . Thus, the model of insulin resistance-
induced myocardial substrate shifts may provide a mechanism not only for impaired exercise capacity 
but also for the worsened outcomes of acute coronary events in diabetes. 

  S keletal  M uscle  C hanges   in  D iabetes  

 The role of skeletal muscle in the impaired exercise responses of persons with T2DM has not been 
specifically elucidated. However, as skeletal muscle plays an integral role in IR, it is likely that 
changes in skeletal muscle structure and function may be associated with diminished exercise func-
tion. In our study of persons with T2DM in which VO 

2
max  was lower, cardiac index was reduced by 

about 15% and yet arteriovenous oxygen extraction was the same in the T2DM subjects compared to 
obese controls  (140) . Baldi et al.  (20)  also reported a reduced VO 

2
max , a trend toward lower cardiac 

output as measured by rebreathing techniques, and lower arteriovenous oxygen extraction in T2DM 
patients compared to controls. In their study VO 

2
max  correlated with the arteriovenous oxygen differ-

ence, but not with cardiac output. The findings from both groups are interesting since even a modest 
reduction in cardiac output should increase reliance on arteriovenous oxygen extraction. The absence 
of an increase in this measure suggests that defects in oxygen transport to and/or oxidative capacity 
of the exercising skeletal muscle exist in T2DM and may contribute to the exercise defects seen in 
this population. 

 Related to these mechanisms, capillary density is reduced in T2DM skeletal muscle  (152) , and 
basement membrane structures are altered  (153) . These structural changes could directly contribute 
to alterations in microvascular hemodynamics that impair O 

2
  exchange from capillary to myocyte as 

suggested by the work in diabetic rodent models  (154–  156) . Indeed, the relationship between oxygen 
diffusion (potentially decreased in T2DM) and exercise performance in T2DM has not been exten-
sively explored  (157,   158) . However, microvascular complications of T2DM have been associated 
with abnormal vascular function and lowered exercise capacity  (159)  further suggesting this mecha-
nism as a component to the exercise dysfunction in T2DM. There is currently debate regarding the 
potential for abnormalities of mitochondrial function  (21,   160–  162)  and whether they relate to func-
tional defects in exercise performance or simply reflect reduced content secondary to detraining 
 (163) . To date, the available data are inconclusive, but rigorous studies are lacking. Nevertheless, 
adults with T2DM have been shown to demonstrate reduced skeletal muscle oxidative enzyme activity 
 (162) , lower mitochondrial content  (161,   164) , and an increased ratio of type IIb-to-type 1 muscle 
fiber ratio  (165)  compared with healthy subjects. Any of the factors may lead to reduced fractional 
oxygen extraction. Other, noncardiac components of oxygen delivery could also cause impairment in 
exercise performance in T2DM. Increased blood viscosity has been reported in persons with T2DM 
compared to nondiabetic individuals  (157,   158) . However, we found that while average whole blood 
viscosity was higher in persons with T2DM than nondiabetic controls, there was not a statistical rela-
tionship between viscosity and exercise performance  (23) . Overall it appears that the ability to deliver 
oxygen to the skeletal muscle as well as the ability of the muscle to utilize oxygen during exercise 
may be compromised in T2DM, and that this is another potential mechanism underlying the exercise 
defects seen in T2DM.    

  GENDER SPECIFICITY OF EFFECTS OF T2DM ON EXERCISE CAPACITY  

 Few previous studies have separately examined exercise performance in women with T2DM 
although it has been noted that they appear to have a reduced exercise performance compared to 
nondiabetic women  (121) . In prior studies, we have observed that women with T2DM had a more 
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impaired exercise performance relative to their nondiabetic female counterparts, than the men with 
T2DM compared to their nondiabetic male counterparts  (96) . Maximal oxygen consumption was 26% 
lower in women with T2DM than nondiabetic women compared to 18% lower in men with T2DM 
compared to the nondiabetic men ( P  < 0.05). Although the small sample size makes these findings 
preliminary, the results are suggestive of possible sex-based differences in exercise performance 
between men and women with T2DM.  

  EFFECTS OF EXERCISE TRAINING ON EXERCISE PERFORMANCE IN T2DM  

 Exercise training can substantially improve exercise performance in individuals with T2DM  (15, 
  109,   166) . Improvements in VO 

2
max  in men and women with diabetes ranging from 8 to 30% have 

been documented  (92,   166,   167) . In addition, a decreased heart rate per submaximal workload has 
been reported  (109)  suggesting an improved exercise efficiency, again similar to results in nondiabetic 
persons. Oxygen uptake kinetics and heart rate kinetics became faster after 4 months of exercise train-
ing in persons with T2DM although not in nondiabetic controls suggesting improvement in the rate 
of circulatory adjustment to the beginning of exercise  (92) . 

  Exercise Training: Mechanisms of Improvement 
 Metabolic benefits in terms of how exercise improves insulin sensitivity are likely related to 

increased tissue sensitivity to insulin due to regular exercise conditioning  (168,   169) . Studies have 
shown that insulin binding to monocytes  (170,   171)  and erythrocytes  (172)  is increased by exercise 
conditioning and decreased with inactivity. It is possible that exercise conditioning causes a dimin-
ished secretion of insulin in response to a particular glucose concentration  (173) . Studies have suggested 
that exercise conditioning magnifies insulin-induced increases in the intrinsic activity of plasma mem-
brane glucose transporters  (174) . 

 As discussed earlier, T2DM may adversely affect exercise performance in part because of detri-
mental effects on diastolic function. Exercise training might be expected to improve diastolic dysfunc-
tion based on animal studies  (175) , but randomized studies of exercise training are needed to confirm 
this benefit and provide the responsible mechanism.  

  Exercise and Endothelial Vasodilator Function 
 The beneficial effects of exercise on endothelial function have been suggested by both animal and 

human studies where exercise was associated with improved endothelial vasodilator function  (54, 
  176) . In humans with T2DM, reactive hyperemic brachial artery vasodilation and forearm blood flow 
have been improved by exercise in contrast to the response in nondiabetic controls  (176) . It is thought 
that the improvements represent a systemic rather than a local benefit of exercise since while the 
exercise was done using the lower body muscles, improvement in brachial artery reactivity in the arm 
was a primary outcome. Further research in this exciting area is underway.   

  SUMMARY  

 The relationship between CV exercise capacity and diabetes is complex and involves multiple 
physiological systems. Furthermore, the relationship is likely to represent bidirectional causality. The 
benefits of exercise (and, conversely, the ill effects of sedentary behavior) on CV risk factors, endothe-
lial function, insulin sensitivity, diabetes prevention, and CV and all-cause mortality are clear. Other 
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benefits including maintenance of mitochondrial health and number, and effects on hemostasis and 
systemic inflammation are likely, but less well defined. It also seems likely that further research will 
reveal other areas of benefit derived from regular exercise. On the other hand, individuals with T2DM 
who would be expected to benefit disproportionately from exercise have been shown to be relatively 
inactive and cardiovascularly unfit. While the increased risk of diabetes in sedentary individuals is 
undoubtedly one contributor to this relationship, recent evidence suggests that diabetes may itself 
cause defects in CV exercise capacity. These defects in turn may make exercise more difficult and 
uncomfortable and thus encourage sedentary behavior in the very population that would most benefit 
from exercise. The mechanism of decreased exercise capacity in T2DM is poorly understood, but 
appears to involve impaired oxygen delivery through cardiac and vascular mechanisms, as well as 
impaired oxygen utilization at the tissue level. A better understanding of these mechanisms and of the 
benefits of exercise in this population is essential and awaits further research.      
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  Abstract 

 Atherosclerosis is the leading cause of death among individuals with type 2 diabetes, accounting for 
80% of all mortality among affected individuals. The prediabetic state of insulin resistance, with its 
accompanying central adiposity, dyslipidemia, and hypertension, is thought to contribute to the develop-
ment of cardiovascular disease in type 2 diabetes. This chapter summarizes (1) the pathophysiology of 
the prediabetic state, (2) use of the metabolic syndrome as a clinical proxy for the presence of insulin 
resistance, and (3) the prediabetic state (metabolic syndrome) as a predictor of cardiovascular disease, 
highlighting hypertension, dyslipidemia, and impaired glucose metabolism as the strongest predictors. 
Dyslipidemia, hypertension, and hyperglycemia are highlighted as important targets in cardiovascular 
disease prevention in type 2 diabetes. Current controversies regarding the glycemic target for cardio-
vascular disease prevention in diabetes are discussed in light of recently published clinical trials. Other 
direct cardiovascular effects of diabetes are highlighted, including left ventricular dysfunction, endothe-
lial dysfunction, arterial stiffness, and systemic inflammation.  

 Key words: Cardiovascular disease; Metabolic syndrome; Dyslipidemia; Hypertension; Hyperglycemia. 
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  BACKGROUND  

 Atherosclerosis is the leading cause of death among individuals with type 2 diabetes, accounting for 
80% of all mortality among affected individuals. Approximately 75% of these deaths result from coro-
nary atherosclerosis and 25% from cerebral or peripheral arterial disease. Greater than 75% of hospitali-
zations for diabetic complications are due to atherosclerosis  (1) . Mortality rates for ischemic heart 
disease are greater for individuals with diabetes than for unaffected individuals, and this difference is 
much greater for women. Although men with diabetes have a twofold greater risk of ischemic heart 
disease death compared with men without diabetes, women with diabetes have a fourfold greater risk of 
such deaths compared with women without diabetes  (2) . The decision to make diabetes a coronary heart 
disease risk equivalent is supported by a landmark study by Haffner et al. in 1998  (3) , which showed 
that patients with diabetes who had never experienced a myocardial infarction had a comparable risk of 
cardiovascular disease mortality as individuals without diabetes who had experienced an infarction. This 
study formed the basis for the decision by the American Diabetes Association to intensify risk factor 
management, particularly cholesterol and hypertension control, in individuals with diabetes.  

  PATHOPHYSIOLOGY OF THE PREDIABETIC STATE  

  Insulin Resistance 
 It has traditionally been thought that type 2 diabetes is a direct risk factor for atherosclerosis and 

cardiovascular disease. However, there is growing evidence that both type 2 diabetes and cardiovas-
cular disease spring from a “common soil” of metabolic antecedents, including impaired glucose 
tolerance, hypertension, dyslipidemia, and abdominal obesity  (4–  6)  (see Fig.  1 ). The clustering of 
these cardiovascular risk factors results from an underlying insulin resistance syndrome, also known 
as metabolic syndrome or Syndrome X, that precedes the onset of type 2 diabetes  (6–  11) . Reaven  (7)  
first summarized the insulin resistance syndrome, or Syndrome X, as resistance to insulin-stimulated 
glucose uptake, hyperinsulinemia, impaired glucose tolerance, hyperglycemia, hypertension, elevated 
triglycerides, and decreased high-density lipoprotein (HDL) cholesterol. Since this initial description, 
multiple components of the insulin resistance syndrome, including hyperinsulinemia, impaired glucose 
tolerance, general and abdominal obesity, dyslipidemia (elevated triglycerides and low HDL), hyper-
tension, elevated small dense LDL, elevated uric acid, and abnormal clotting factors, have been found 
to cluster in men and women in multiple ethnic groups  (8–  10,   12–  31) . Studies that assess insulin 

  Fig. 1.    The “common soil” from which type 2 diabetes and cardiovascular disease arise.       
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sensitivity by direct measures, such as the hyperinsulinemic euglycemic clamp and frequently sam-
pled intravenous glucose tolerance test, show that reduced insulin sensitivity also clusters with the 
insulin resistance syndrome metabolic components  (32–  38) .  

 The presence of these cardiovascular risk factors related to insulin resistance prior to the onset of 
type 2 diabetes may explain why greater than 50% of patients with newly diagnosed type 2 diabetes 
already have evidence of coronary artery disease at the time of diagnosis  (1,   4) . In the San Antonio 
Heart Study  (4) , compared with individuals who remained nondiabetic, individuals who eventually 
developed diabetes had higher body mass index, triglycerides, blood pressure, fasting glucose, 2-h 
glucose, and fasting insulin as well as lower HDL-cholesterol several years prior to diagnosis. As 
noted earlier, the insulin resistance syndrome is also associated with other adverse cardiovascular risk 
factors in the prediabetic state, such as hypercoagulability, which can lead to atherosclerosis and clini-
cal cardiovascular events.  

  The Metabolic Syndrome as a Proxy for Insulin Resistance 
 The best available measurements of insulin resistance used in the clinical setting, such as the glucose 

clamp, the insulin tolerance test, and the intravenous glucose tolerance test, are not practical for use in 
large epidemiological studies to detect patients at increased risk for cardiovascular disease  (39) . 
Because the glucose clamp technique and other available techniques require dedicated equipment and 
trained personnel, most studies examining the relationship between insulin resistance and cardiovascular 
disease have used definitions of metabolic syndrome as a proxy for insulin resistance. There are 
currently at least five definitions of metabolic syndrome, as recently summarized by Grundy et al.  (40)  
(see Table  1 ), and most population-based studies have examined these definitions in studies evaluating 
the risk of cardiovascular disease due to the insulin resistance/metabolic syndrome. Most commonly, 
these definitions include measures of insulin resistance and/or glucose, adiposity, dyslipidemia, and 
blood pressure. Although these definitions are readily available in population-based studies as well as 
clinical settings, a recent study found that the National Cholesterol Education Program (NCEP) 
definition of the metabolic syndrome had poor sensitivity in identifying insulin resistance assessed by 
the hyperinsulinemic-euglycemic clamp  (42,   43) . This limitation should be kept in mind when using 
metabolic syndrome definitions as a proxy for insulin resistance as the presence of these definitions 
does not necessarily indicate the presence of directly measured insulin resistance.   

  Insulin Resistance and the Metabolic Syndrome as Predictors 
of Cardiovascular Disease 

 Epidemiological studies that have measured insulin resistance directly have shown that it is associ-
ated with coronary heart disease  (44–  46)  and stroke  (47)  but not with femoral atherosclerosis  (48) . 
We are unaware of studies showing that directly measured insulin resistance is a predictor of cardio-
vascular disease because too few large-scale studies have measured insulin resistance due to the 
cumbersome and invasive nature of assessing this parameter. Therefore, this is an area of active inves-
tigation. In the Framingham Offspring Cohort, increased insulin sensitivity, indirectly estimated from 
Gutt‘s insulin sensitivity index (ISI 

0,120
 ) derived from an oral glucose tolerance test, was found to be 

an independent predictor of incident cardiovascular disease  (49) . 
 Clustering of dyslipidemia, abdominal obesity, hyperinsulinemia, impaired glucose tolerance, and 

hypertension have been associated with prevalent and incident atherosclerosis  (50)  and coronary heart 
disease  (51–  57) , coronary heart disease mortality  (58) , femoral atherosclerosis  (48) , claudication  (59) , 
and stroke  (54,   60) . 
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 Specific definitions of the metabolic syndrome, used as a proxy for insulin resistance in population-
based studies, have also been shown to predict cardiovascular disease, although to varying degrees 
 (61) . Ford et al.  (62)  recently reviewed prospective studies of the NCEP and World Health Organization 
(WHO) definitions of metabolic syndrome as predictors of cardiovascular disease from 1998 to 2004. 
They found that the aggregate relative risk estimate for cardiovascular disease from seven studies 
using the NCEP definition was 1.65 (95% CI: 1.38–1.99) and the aggregate risk from two studies 
using the WHO definition was 1.93 (95% CI: 1.39–2.67). In the remainder of this section, we will 
highlight a few of the studies included in Ford‘s review as well as some published more recently. 

 In a cross-sectional analysis, McNeill et al. found that individuals with metabolic syndrome, 
defined by the NCEP criteria, were two times as likely to have prevalent coronary heart disease and 
had thicker carotid intimal-medial thickness than those who did not have the syndrome in the 
Atherosclerosis Risk in Communities (ARIC) Study  (63) . Compared to individuals without metabolic 
syndrome, those with metabolic syndrome only were 54% (OR = 1.54; 95% CI: 1.27–1.86) more likely 
and those with metabolic syndrome and diabetes were three times (OR = 3.28; 95% CI: 2.62–4.11) 
more likely to have prevalent coronary heart disease, respectively  (63) . 

 Prospective analyses of the Kuopio Ischaemic Heart Disease Risk Factor Study demonstrated that 
the presence of metabolic syndrome predicted an increased risk of coronary heart disease, cardiovas-
cular disease, and overall mortality over an average of 11.4 years of follow-up  (64) . Among individu-
als who met the NCEP criteria of metabolic syndrome, there was a greater than fourfold increased 
risk of coronary heart disease death, following multivariate adjustment for other cardiovascular risk 
factors (HR = 4.26; 95% CI: 1.62–11.2)  (64) . When metabolic syndrome was defined according to 
WHO criteria, there was a similarly increased risk of coronary heart disease mortality (HR = 3.32; 
95% CI: 1.36–8.11)  (64) . 

 Similarly, in the ARIC Study, individuals who met the NCEP criteria for metabolic syndrome had 
increased risk of CHD and stroke. Following adjustment for multiple cardiovascular risk factors, 
women with metabolic syndrome had a twofold increased risk of CHD (HR = 2.05; 95% CI: 1.59–2.64) 
and men with metabolic syndrome had a 50% increased risk of CHD (HR = 1.46; 95% CI: 1.23–1.74) 
compared to those without metabolic syndrome. Similar results were found for ischemic stroke, where 
women and men with metabolic syndrome had an increased risk of stroke compared to those without 
metabolic syndrome (HR = 1.96; 95% CI: 1.28–3.00 for women; HR = 1.42; 95% CI: 0.96–2.11 for 
men)  (65) . Two other studies also found that metabolic syndrome, defined by NCEP criteria, predicted 
incident stroke  (66,   67) . Koren-Morag et al. found that following multivariable adjustment, the pres-
ence of metabolic syndrome was associated with a 39% increased risk of ischemic stroke in men (OR 
= 1.39; 95% CI: 1.10–1.77) and a twofold increased risk in women (OR = 2.10; 95% CI: 1.26–3.51) 
 (67) . In a case-control study of elderly patients with a first-ever acute ischemic nonembolic stroke, the 
adjusted odds ratio for metabolic syndrome in the stroke patients was 2.59 (95% CI: 1.24–5.42)  (66) .  

  Which Metabolic Syndrome Risk Factor Clusters Are Most Associated with 
Atherosclerosis and Clinical Cardiovascular Events? 

 While specific definitions of metabolic syndrome appear to predict cardiovascular disease and may 
explain why individuals with diabetes are at such an increased risk of macrovascular disease, one 
important question is which components of the syndrome are most important in predicting cardiovas-
cular disease risk. We have previously reviewed the literature in this area  (68) . Among nearly 12,000 
middle-aged adults in the ARIC Study without previously diagnosed diabetes, coronary artery 
disease, or dyslipidemia, we examined the association between various insulin resistance syndrome 
clusters and subclinical atherosclerosis, assessed by B-mode ultrasound measurements of carotid 
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intimal-medial thickness  (50) . We found that the insulin resistance syndrome clusters most strongly 
associated with excess carotid intimal-medial thickness all included hypertension and hypertrigly-
ceridemia, indicating that the interaction between these two components are important in conferring 
cardiovascular risk. McNeill et al. also found that elevated blood pressure was significantly associated 
with incident coronary heart disease in ARIC, as was low HDL-cholesterol  (65) . In the study by 
Koren-Morag et al., impaired fasting glucose and hypertension were the strongest predictors of 
ischemic stroke  (67) . 

 Many epidemiological studies have used factor analysis to help reduce metabolic syndrome 
components into a better defined syndrome  (69) . In factor analyses of metabolic syndrome in various 
populations, at least two factors have been identified as central to metabolic syndrome and most studies 
have identified three or four factors – adiposity, insulinemia/glycemia, lipidemia, and blood pressure 
 (69)  (see Fig.  2 ). Of note, there is overlap of these factors, with the insulin variables frequently included 
with measure of adiposity, glycemia, and lipidemia  (69)  (see Fig.  2 ). This suggests that insulin resistance 
and disordered glucose metabolism are central to the syndrome. In most studies, blood pressure appears 

  Fig. 2.    Summary of factor analyses of components of the Insulin Resistance Syndrome and overlap among the 
physiological variables.  BMI  body mass index,  DBP  diastolic blood pressure,  HDL  HDL-cholesterol,  SBP  systolic 
blood pressure,  T g triglycerides. Reprinted with permission from Golden and Chong. 68  © 2004, Current Medicine 
Group, LLC, Philadelphia.       
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to be a distinct factor that does not consistently overlap with the insulin resistance factors; hypertension, 
however, is still important in the pathogenesis of cardiovascular disease.  

 Four studies have employed factor analysis to determine which factors prospectively predict 
cardiovascular events  (54,   56,   58,   64) , and each have identified insulinemia/glycemia, adiposity, and 
lipidemia as predictive factors. Two studies also found separate blood pressure factors  (56,   58) . 
In general, the insulin resistance, blood pressure, and lipid factors predicted an increased risk of 
cardiovascular events in prospective analyses. Table  2  summarizes the risk of cardiovascular events 
according to the presence (vs. absence) of the various factors. Compared to individuals without the 
insulin resistance factor, those with the factor had a 28–43% increased risk of coronary heart disease 
death  (54,   56,   58,   64) ; however, in one study, the insulin resistance factor predicted a greater than 
threefold increased risk of coronary heart disease mortality  (64) . The blood pressure and lipidemia 
factors predicted a similar 29–52% increased risk of coronary heart disease events, indicating that all 
of these factors are important in predicting cardiovascular disease risk  (68) .       

  Does the Presence of Metabolic Syndrome Predict Cardiovascular Disease Beyond 
the Additive Effects of Its Individual Components? 

 If metabolic syndrome is related to an underlying pathophysiology of insulin resistance, one would 
expect the clustering of risk factors in the syndrome to predict cardiovascular disease beyond the addi-
tive effects of its individual components. In a cross-sectional analysis in the ARIC Study, clustering 
of metabolic syndrome components appeared to be synergistic and were associated with excess 
carotid atherosclerosis beyond the additive effects of its individual components  (50) . However, in the 
same study population, McNeill et al. found that the CHD risk due to metabolic syndrome was not in 
excess of that predicted by its individual components  (65) . These results were recently replicated in 

  Fig. 3.    Lipid metabolism in the setting of insulin resistance.  VLDL  very low-density lipoprotein cholesterol,  IDL  
intermediate density lipoprotein cholesterol,  LDL  low density lipoprotein cholesterol.       

• Lipoprotein lipase (LPL) resistant to 

activation by insulin

• Increased ratio of apolipoprotein

CIII:CII

Intermediate density lipoprotein

• More atherogenic

Small, triglyceride-enriched, dense LDL

• More atherogenic

• More easily oxidized

• Decreased binding to LDL receptors

LPL

LPL

Free Fatty
Acids
(FFA)

Adipose

VLDL

IDL

LDL



116 Golden

a Swedish population that also showed that metabolic syndrome did not predict CVD mortality inde-
pendently of its individual components  (70) . 

 While there is controversy about whether metabolic syndrome is due to the underlying pathophysi-
ology of insulin resistance, it is clear that the cardiovascular risk factors associated with the syndrome 
contribute to unfavorable cardiovascular outcomes in individuals with diabetes mellitus. We will now 
more closely examine three of those risk factors that need to be identified and treated aggressively in 
individuals with diabetes – dyslipidemia, hypertension, and hyperglycemia.   

  DYSLIPIDEMIA  

 Compared to individuals without diabetes, those with diabetes typically have elevated triglycerides 
and low HDL-cholesterol levels  (71) . In studies of both diabetic and nondiabetic individuals, triglyc-
eride levels are positively correlated with direct measures of insulin resistance  (35,   35–  37)  as well as 
serum insulin levels  (22,   29) . Individuals with type 2 diabetes have three characteristic abnormalities 
in their lipid profiles – (1) hypertriglyceridemia, (2) small, dense LDL-cholesterol, and (3) low HDL-
cholesterol. In the Strong Heart Study, diabetic women had lower HDL-cholesterol levels compared 
to women without diabetes and both men and women with diabetes had lower LDL particle size than 

 Table 2 
   Insulin Resistance Syndrome Factors Predictive of Cardiovascular Disease Outcomes   

  Study   Components of factor 
 Risk of cardiovascular outcomes 
(risk estimate and 95% confidence interval) 

 Insulinemia factors 
 Lempiainen et al. 56   BMI, WHR, triglycerides, fasting 

plasma glucose, insulin 
 CHD death in men: RH = 1.33 (1.08–1.65) 

 Lehto et al. 58   BMI, triglycerides, insulin, 
low HDL 

 CHD death in diabetics: RH = 1.43 
(1.18–1.73) 

 Pyorala et al. 54   BMI, subscapular skin fold, 
AUC insulin, AUC glucose, 
maximum O 

2
  uptake, mean 

BP, triglycerides 

 CHD: RH = 1.28 (1.10–1.50) 
 Stroke: RH = 1.64 (1.29–2.08) 

 Lakka et al. 64   BMI, WHR, fasting insulin, 
fasting glucose, triglycerides, 
HDL, systolic BP 

 CHD mortality: RR = 3.77 (1.74–8.17) 
 CVD mortality: RR = 3.55 (1.96–6.43) 

 Blood pressure factors 
 Lempiainen et al. 56   Systolic BP, age, urinary micro-

albumin/creatinine ratio, left 
ventricular hypertrophy 

 CHD death in men: RH = 1.52 (1.26–1.83) 
 CHD death in women: RH = 1.44 

(1.15–1.82) 
 Lehto et al. 58   Hypertension, age, smoking  CHD death in diabetics: RH = 1.29 

(1.07–1.56) 
 Lipidemia factors 
 Pyorala et al. 54   Cholesterol, triglycerides  CHD events: RH = 1.47 (1.26–1.71) 
 Lempiainen et al. 56   Previous stroke, triglycerides, 

low HDL 
 CHD events in women only: RH = 1.34 

(1.06–1.69) 

 Reprinted with permission from Golden and Chong. 68  © 2004, Current Medicine Group, LLC, Philadelphia 
  Abbreviations :  AUC  area under the curve,  BMI  body mass index,  BP  blood pressure,  CHD  coronary heart disease,  CVD  

cardiovascular disease,  HDL  high-density lipoprotein,  RH  relative hazard,  RR  relative risk,  WHR  waist-to-hip ratio 
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their nondiabetic counterparts  (37,   72) . Type 2 diabetes is also associated with a higher prevalence of 
small, dense LDL-cholesterol  (73,   74) . 

  Hypertriglyceridemia and Small, Dense LDL-Cholesterol 
 Insulin resistance is hypothesized to cause abnormalities in lipoprotein metabolism that lead to 

elevated triglyceride levels and atherogenesis, including impaired degradation of triglycerides in very 
low-density lipoprotein (VLDL) by lipoprotein lipase, increased hepatic VLDL synthesis, and 
increased free fatty acid (FFA) flux to the liver due to decreased FFA trapping by adipose tissue. 
Lipoprotein lipase, the enzyme responsible for triglyceride degradation, is activated by insulin; how-
ever, in the setting of diabetes and insulin resistance, lipoprotein lipase becomes resistant activation 
by insulin (see Fig.  3 ). In addition, the increased number of apoprotein CIII particles on triglyceride-rich 
VLDL particles also slows the degradation of triglycerides, as CIII is an inhibitor of lipoprotein 
lipase  (75) . As a result, VLDLs are cleared more slowly leading to elevated levels of intermediate 
density lipoproteins, which are more atherogenic. Through the action of cholesterol ester transferase 
protein, these lipolytic products become triglyceride enriched, with hydrolysis of the triglycerides and 
phospholipids by hepatic lipase  (76,   77) . The resultant LDL-cholesterol is smaller, triglyceride 
enriched, and denser. There are several mechanisms through which small, dense LDL particles promote 
atherosclerosis. They are more easily oxidized  (75,   76,   78) , are cleared more slowly from the circulation 
due to decreased binding affinity for hepatic LDL receptors  (75,   76,   78) , have greater propensity for 
transport into the subendothelial space  (76) , enhance vascular permeability  (78) , and are associated 
with increased binding to arterial wall proteoglycans  (76) .  

 Other abnormalities in the setting of insulin resistance that lead to dyslipidemia include failure of 
insulin to suppress FFA release from adipose tissue and to stimulate FFA uptake in skeletal muscle, 
providing more substrate for hepatic triglyceride synthesis  (75,   76)  and increased hepatic triglyceride 
secretion through hyperinsulinemia-induced upregulation of fatty acid synthase and acetyl CoA 
carboxylase  (75) . Hypertriglyceridemia is also associated with a proinflammatory state, including 
elevated levels of C-reactive protein, fibrinogen, plasminogen activator inhibitor-1, and interleukin-6, 
all of which are associated with atherosclerosis  (79) .  

   Low HDL-Cholesterol  
 In the setting of insulin resistance, there is an increased transfer of cholesterol from HDL-

cholesterol to triglyceride-enriched lipoproteins (i.e., VLDL-cholesterol) and a reciprocal transfer of 
triglycerides to HDL-cholesterol  (76) . The triglycerides in these HDL-cholesterol particles are hydro-
lyzed by hepatic lipase, resulting in HDL-cholesterol that is more rapidly catabolized and cleared 
from the plasma. These HDL particles, which are subclasses 3b and 3c, are smaller and denser and 
likely do not have the same cardioprotective effect as the 2b subclass of HDL particles  (76) .  

  Diabetic Dyslipidemia and Cardiovascular Events 
 The lipoprotein abnormalities outlined earlier have all been shown to be predictive of cardiovascu-

lar disease in epidemiological studies, although the majority of studies have not examined the role of 
dyslipidemia in predicting cardiovascular disease in individuals with diabetes specifically and this 
should be a focus of future epidemiological research. In a meta-analysis of 17 population-based stud-
ies  (80) , each 1 mmol/L increase in plasma triglycerides was associated with a 32% increased risk of 
coronary heart disease in men and a 76% increased risk of coronary heart disease in women. Although 
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these associations were attenuated following adjustment for HDL-cholesterol and other cardiovascu-
lar risk factors, they remained significant – 14% increased risk of coronary heart disease in men and 
a 37% increased risk of coronary heart disease in women for each 1 mmol/L increase in triglycerides. 
Although triglycerides were not predictive of coronary heart disease in patients with newly diagnosed 
type 2 diabetes in the United Kingdom Prospective Diabetes Study  (81) , several other studies since 
the publication of the aforementioned meta-analysis have found hypertriglyceridemia to be a risk 
factor for coronary heart disease  (82–  84) . 

 In the United Kingdom Prospective Diabetes Study, in contrast to hypertriglyceridemia, low HDL 
cholesterol was a strong predictor of coronary heart disease in individuals with newly diagnosed type 
2 diabetes  (81) . Other studies have examined the ratio of total cholesterol to HDL-cholesterol (which 
may be relevant in individuals with type 2 diabetes) and the ratio of LDL- to HDL-cholesterol and 
have found that both are strong predictors of coronary heart disease  (81,   85–  89) . In addition, several 
epidemiological studies have shown that small, dense LDL-cholesterol is also predictive of coronary 
heart disease  (90–  95) .   

  HYPERTENSION  

 The prevalence of hypertension in diabetes mellitus is 1.5–3 times higher than it is in nondiabetic 
individuals  (96) . Hypertension usually develops later in the course of type 1 diabetes in the setting of 
nephropathy; however, hypertension may be already present at the onset of type 2 diabetes as it is 
frequently present in the prediabetic state. While 30% of patients with type 1 diabetes will develop 
hypertension, approximately 20–60% of patients with type 2 diabetes will develop hypertension, 
depending on the patient population studied  (96) . 

 As shown by Haffner et al., as well as others  (4,   97,   98) , prediabetic individuals have higher blood 
pressure 3–16 years prior to the diagnosis of type 2 diabetes compared to individuals who remain 
nondiabetic, even within the normal range, which likely also contributes to diabetic cardiovascular dis-
ease. We studied a population of 1,152 white male medical students in the Johns Hopkins Precursors 
Study and found that compared to individuals who did not develop diabetes, those who developed type 
2 diabetes had higher absolute systolic and diastolic blood pressure prior to their diagnosis and this dif-
ference was evident as early as 30 years of age (see Fig.  4 a). In addition, the yearly rate of rise in systolic 
and diastolic blood pressure in those who developed diabetes compared to those who remained nondia-
betic was significantly higher (see Fig.  4b )  (98) . Thus, elevated blood pressure prior to the onset of type 
2 diabetes contributes to the increased risk of cardiovascular disease.  

 Diabetic individuals with hypertension have a significantly increased risk of cardiovascular disease 
 (99) . Factor analyses of the metabolic syndrome have also shown that blood pressure is important in 
predicting cardiovascular disease (see Table  2 ). Lempiainen et al. found that the blood pressure factor 
predicted a 52% increased risk of coronary heart disease death in men (RH = 1.52; 95% CI: 1.26–1.83) 
and a 44% increased risk in women (RH = 1.44; 95% CI: 1.15–1.82)  (56) . Lehto et al. also found that 
their blood pressure factor predicted an increased risk of death in individuals with diabetes mellitus (RH 
= 1.29; 95% CI: 1.07–1.56)  (58) . In the UKPDS, blood pressure was significantly associated with car-
diovascular disease among individuals with type 2 diabetes. In that study, for every 10 mmHg reduction 
in systolic blood pressure, there was a 12% decrease in fatal and nonfatal MI, a 19% reduction in fatal 
and nonfatal stroke, and a 16% decrease in amputation or death from peripheral vascular disease  (100) . 

 The pathophysiology of hypertension in the setting of diabetes and insulin resistance is somewhat 
complex. In the setting of nephropathy, hypertension likely results from increased extracellular fluid 
volume and total body sodium as well as decreased activity of the renin–angiotensin–aldosterone 
system (RAAS)  (96) . The mechanisms linking hypertension to diabetes and insulin resistance in the 
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nonnephropathy setting are thought to be different, with increased total body sodium in the setting of 
normal or low RAAS activity. Hyperinsulinemia and insulin resistance are postulated to contribute to 
hypertension in several ways, including increased renal sodium absorption  (96,   101) , overactivity of 
the sympathetic nervous system  (102,   103) , and decreased vasodilatory and increased vasopressor 
responses to skeletal muscle vasculature to insulin  (104) . Epidemiological studies have shown that 
baseline plasma insulin levels predict incident hypertension in men and women as well as changes in 
blood pressure over time  (105) . Although elevated blood pressure is not a consistent feature of the 
insulin resistance syndrome, the coexistence of insulin resistance in the setting of hypertension is 
likely a key risk factor in the etiology of cardiovascular disease in diabetes.  

  Fig. 4.    ( a ) Mean systolic and diastolic blood pressure by age among 1,152 white male medical students in the Johns 
Hopkins Precursors Study (© 2003 American Diabetes Association). From  Diabetes Care , Vol. 26; 1110–1115. 
Reprinted with permission from The American Diabetes Association. ( b ) Mean rate of change in systolic and diasto-
lic blood pressure by age among 1,152 white male medical students in the Johns Hopkins Precursors Study.       
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  HYPERGLYCEMIA  

 While the results from early clinical trials of glucose control which collected data on cardiovascu-
lar outcomes have been equivocal  (106) , results of epidemiological studies suggest that hyperglyc-
emia is associated with cardiovascular disease risk. Several meta-analyses have shown positive graded 
relations between fasting glucose and 2-h postprandial glucose levels and incident cardiovascular 
events extending below the threshold for a diagnosis of diabetes  (107,   108) . A recent meta-analysis 
has also shown that hemoglobin A1c (Hb 

A1c
 ), a measure of chronic hyperglycemia, is also associated 

with an increased risk of cardiovascular disease (Table  3 )  (109) . Three studies in individuals with type 
1 diabetes showed that there was a 15% increased risk of coronary heart disease for each 1% point 
increase in Hb 

A1c
 , although the result was not statistically significant, likely due to the small sample 

size (RR = 1.15; 95% CI: 0.92–1.09). In contrast, two studies in individuals with type 1 diabetes 
showed that there was a significantly 32% increased risk of peripheral arterial disease for each 1% 
point increase in Hb 

A1c
  (RR = 1.32; 95% CI: 1.19–1.45)  (109) . There were ten studies identified in 

individuals with type 2 diabetes that evaluated Hb 
A1c

  in relation to combined CHD or stroke and the 
pooled analysis showed an 18% increased risk of these events for each 1% point increase in Hb 

A1c
  (RR 

= 1.18; 95% CI: 1.10–1.26)  (109) . When examining individual cardiovascular disease endpoints in 
those with type 2 diabetes, there was a 13, 17, and 28% increased risk of coronary heart disease, 
stroke, and peripheral arterial disease, respectively, for each 1% point increase in Hb 

A1c
  (Table  3 ) 

 (109)  
.
  This meta-analysis, while the most comprehensive to date, had several limitations. Several stud-

ies included glucose in models with Hb 
A1c

 , leading to “overadjustment,” which would underestimate 
the true effect of glycemic control on cardiovascular disease. In addition, many studies used auto-
mated selection strategies to select covariates to include in the final models. This relies on statistical 
cut points for model building instead of clinical and pathophysiological reasoning and as a result, only 
three studies included in the meta-analysis simultaneously adjusted for known risk factors for cardio-
vascular disease, such as age, sex, lipids, blood pressure, and smoking.      

 To address the concerns and limitations of the meta-analyses, an ancillary study in the ARIC Study 
measured Hb 

A1c
  and examined it as a risk factor for coronary heart disease, stroke, and peripheral 

arterial disease during 8–10 years of follow-up (see Table  4 ). Following multivariable adjustment for 
multiple cardiovascular risk factors, including age, sex, race, smoking status, body mass index, 

 Table 3 
   Quantitative Summary of Meta-Analysis of Prospective Cohort 

Studies Examining the Association Between Glycosylated 
Hemoglobin and Cardiovascular Outcomes   (109)   

  Type 1 Diabetes  
 Number 
of studies 

 Pooled relative 
risk (95% CI) 

 Coronary heart disease  3  1.15 (0.92–1.09) 
 Peripheral arterial disease  2  1.32 (1.19–1.45) 
  Type 2 Diabetes  
 CHD and stroke combined (CVD)  10  1.18 (1.10–1.26) 
 CHD only  6  1.13 (1.06–1.20) 
 Stroke  3  1.17 (1.09–1.25) 
 Peripheral arterial disease  3  1.28 (1.18–1.39) 

  Abbreviations :  CI  Confidence interval,  CHD  coronary heart disease,  CVD  
cardiovascular disease 
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waist-to-hip ratio, blood pressure, and lipids, it was observed that individuals with diabetes in the 
highest quintile of Hb 

A1c
  had greater than twofold increased risk of coronary heart disease compared 

to those in the lowest quintile (RR = 2.42; 95% CI: 1.55–3.78;  p -value for trend < 0.0001)  (110) . In 
addition, among individuals with diabetes, the risk of coronary heart disease increased across the full 
range of Hb 

A1c
  values, such that there was a 14% increased risk of coronary heart disease for each 1% 

point increase in Hb 
A1c

  (RR = 1.14; 95% CI: 1.07–1.21)  (110) . Similarly, there was an increased risk 
of stroke with increasing tertiles of Hb 

A1c
  among adults with diabetes ( p -value for trend < 0.0001) with 

those in the upper two tertiles having a two- to fourfold increased risk of stroke compared to 
nondiabetic individuals in the lowest tertile of Hb 

A1c
   (111) . Finally, the risk of severe, symptomatic 

peripheral arterial disease was over fourfold greater in individuals with diabetes in the upper tertile of 
Hb 

A1c
  compared to the lowest tertile (RR = 4.56; 95% CI: 1.86–11.18)  (113) . The results of these 

epidemiological studies, as well as epidemiological analyses of the United Kingdom Prospective 
Diabetes Study  (114,   115) , suggest that HbA 

1c
  is linearly associated with an increased risk of 

cardiovascular disease, even below the current treatment threshold of 7% for prevention of 
microvascular diabetic complications. However, the results of two recent large clinical trials designed 
to examine intensive glucose control targeting an Hb 

A1c
  < 7% on risk of cardiovascular outcomes 

suggests that this may not be the case.      
 In the Action to Control Cardiovascular Risk in Diabetes (ACCORD) Trial  (116) , 10,251 individuals 

with type 2 diabetes for an average of 10 years were randomized to receive intensive glucose lowering 
with a target Hb 

A1c
  of <6% versus a conventional Hb 

A1c
  target of 7.5%. The actual Hb 

A1c
  achieved in 

the intensive therapy group was 6.4%. Although there was not a significant reduction in the primary 

 Table 4 
   Prospective Studies of Hemoglobin A1c as a Predictor of Cardiovascular Outcomes in Persons with 

Diabetes in the Atherosclerosis Risk in Communities Study   

  Study  
 Duration 
of follow-up 

 Number 
of subjects  Outcome 

 Adjusted relative risk (95% CI) for 
highest category compared with lowest 

  (110)   8–10 years  1,626  Coronary 
heart disease 

  ≥ 8.2 vs. < 5.2% 

 RR = 2.37 (1.50, 3.72) 
 [RR = 1.14 (1.07, 1.21) per 1% point 

increase in HbA 
1c

 ] 
  (111)   8–10 years  1,635  Ischemic stroke  >6.8 vs. < 5.5% 

 RR = 2.33 (1.29, 4.21) 
  (112)   8–10 years  1,894  Peripheral arterial 

disease 
 >7.5 vs. < 5.9% 

 RR = 4.55 (1.52, 13.06) [intermittent 
claudication] 

 RR = 4.56 (1.86, 11.18) [PAD 
hospitalization or amputation] 

 RR = 1.64 (0.94, 2.87) [ankle brachial 
index < 0.9] 

 Reprinted with permission from Golden et al. Glycemic status and cardiovascular disease in type 2 diabetes mellitus:  
re-visiting glycated hemoglobin targets for cardiovascular disease prevention.  Diabetes, Obesity, and Metabolism  2007; 
9(6):792–798. © 2007 Wiley-Blackwell

   Abbreviations :  MI  myocardial infarction,  CHD  coronary heart disease,  RR  relative risk,  CI  confidence interval 
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outcome (nonfatal MI, nonfatal stroke, and death from cardiovascular causes)   , there was a 24% reduc-
tion in nonfatal MI (HR = 0.76; 95% CI: 0.62–0.92). However, of concern was that there was a signifi-
cantly increased risk of all-cause and cardiovascular mortality in the intensively treated group (HR = 
1.22; 95% CI: 1.01–1.46 and HR = 1.35; 95% CI: 1.04–1.76, respectively). In the Action in Diabetes 
and Vascular Disease (ADVANCE) Study  (117) , 11,140 individuals who had type 2 diabetes for an 
average duration of 8 years were randomized to intensive glucose control with a target HbA1c < 6.5% 
or to conventional glucose control with a target Hb 

A1c
  of 7.0%. There was no significant reduction in 

major cardiovascular events (nonfatal MI, nonfatal stroke, or cardiovascular disease death), although 
there was not an increase in mortality in the intensively controlled group, in contrast to the ACCORD 
Study. These results indicate that targeting an Hb 

A1c
  < 7% in individuals with type 2 diabetes of moder-

ate duration does not reduce cardiovascular events and may increase risk for mortality. Further studies 
are needed to determine if there is a subgroup of patients who may still benefit from more intensive 
glucose control for cardiovascular disease prevention. 

  Acute Effects of Hyperglycemia 
 Acute effects of hyperglycemia can include several adverse vascular outcomes  (118) . It can lead to 

endothelial dysfunction through inactivation of nitric oxide and by triggering production of reactive 
oxygen species. It also can have adverse cardiovascular effects, including impairment of ischemic 
preconditioning, increased cardiac myocycte death via apoptosis and exaggerated ischemia-reperfusion 
cellular injury, elevation of blood pressure, catecholamines, and natriuretic peptides, and promotion 
of platelet abnormalities and electrophysiological changes  (118) . Hyperglycemia may act acutely to 
increase the propensity to thrombosis through increased synthesis of thromboxane and plasminogen 
activator inhibitor-1 and decreased synthesis of tissue plasminogen activator, all of which lead to 
decreased fibrinolytic activity  (118) . 

 Levels of inflammatory cytokines, including interleukin-6, interleukin-8, and tumor necrosis 
factor- α , may be increased by acute hyperglycemia as well as induction of NF-kappa beta, a proin-
flammatory transcriptional factor. Interleukin-8 has been shown to destabilize plaques, which could 
lead to adverse cardiovascular consequences. In addition to causing inflammation, hyperglycemia 
leads to oxidative stress, with an increase in the generation of reactive oxygen species  (118) . 

 Finally, acute hyperglycemia potentially has adverse effects on the brain. It may enhance neuronal 
damage following induced brain ischemia, especially in the ischemic penumbra, increase levels of 
glutamate in the neocortex, and lead to DNA fragmentation, disruption of the blood brain barrier, 
increase  β -amyloid precursor protein, and increase superoxide levels. Hyperglycemia may also 
increase acidosis and lactate in the brain and levels of lactate-to-choline ratio, measured by proton 
magnetic resonance spectroscopy, predict clinical outcomes and infarct size in stroke  (118) .  

  Chronic Effects of Hyperglycemia 
 Chronic hyperglycemia has known adverse effects on cardiovascular health in diabetes. Excess 

glucose is proposed to activate several pathways, as recently summarized by Sheetz et al.  (119) , and 
outlined in Fig.  5 . Activation of the aldolase reductase, advanced glycation endproduct, and reactive 
oxygen intermediate pathways leads to accumulation of glucotoxins. These glucotoxins, along with 
activation of the protein kinase C pathway, lead to activation of cell signaling molecules. These molecules 
alter gene expression and protein function, which ultimately leads to cellular dysfunction and damage, 
including abnormal angiogenesis, hyperpermeability, abnormal blood flow, contractility, cardiomyopathy, 
abnormal cell growth and survival, thrombosis, basement membrane thickening, and increased leukocyte 
adhesion  (119) .    
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  OTHER EFFECTS OF DIABETES ON THE CARDIOVASCULAR SYSTEM  

 As outlined in Fig.  6 , there are several cardiovascular abnormalities that lead to cardiovascular 
disease in diabetes.  

  Left Ventricular Diastolic Dysfunction: Abnormalities in Early Diastolic Filling 
 Congestive heart failure is a frequent consequence of type 2 diabetes, independent of coronary 

heart disease  (120) . Abnormalities in early left ventricular diastolic filling are seen in type 2 diabetes 

  Fig. 5.    Proposed mechanisms linking chronic hyperglycemia to adverse vascular outcomes. Adapted from Sheetz MJ 
and King GL, JAMA, 2003;289:1779–1788.       
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and may be due to reduced compliance or prolonged relaxation. There are several proposed mecha-
nisms for this “diabetic cardiomyopathy,” including myocardial microvascular disease, metabolic 
derangements associated with diabetes, interstitial fibrosis, hypertension, and autonomic dysfunction 
 (120) . Cross sectionally, autonomic dysfunction is associated with hyperglycemia and diabetes  (121)  
and it has also been shown on to be a predictor of incident type 2 diabetes in the ARIC Study  (122) . 
Several studies have shown that diastolic dysfunction is present in diabetic individuals without clini-
cal coronary heart disease  (123–  126)  or hypertension  (127,   128) . Left ventricular diastolic dysfunc-
tion, common in diabetes, is also associated with cardiac autonomic neuropathy, even in individuals 
free of coronary heart disease and independent of glycemic control  (129) . Studies that have examined 
the efficacy of glycemic control in improving cardiac function have yielded mixed results  (120) .  

  Endothelial Dysfunction 
 Type 2 diabetes is associated with impaired endothelium-dependent (nitric oxide-mediated) vasodi-

lator function in the micro- and macrocirculation  (120) . Endothelial dysfunction is also present in 
hypertension and in the metabolic syndrome, independent of hyperglycemia  (120) . Kingwell et al. 
demonstrated that there was attenuation in leg blood flow due to impaired endothelium-dependent 
vasodilation and hypothesized that this may be important in determining leg ischemia in diabetic 
patients with peripheral arterial disease  (130) .  

  Arterial Stiffness 
 There is a normal age-related increase in arterial stiffness that also occurs in the setting of hyperten-

sion; however, this process is accelerated in individuals with diabetes and insulin resistance  (120) . 
Hyperglycemia, hyperinsulinemia, and hypertriglyceridemia are all thought to contribute to the 
increased arterial stiffness. In the setting of hyperglycemia, there is also glycation-induced cross-
linking formation in the interstitial collagen of the vascular wall. These vascular changes may lead to 
elevated systolic blood pressure and an increased risk of atherosclerosis  (120) .  

  Systemic Inflammation 
 Obesity, one of the most important risk factors for the development of type 2 diabetes, is associated 

with proinflammatory cytokines, including increased adipokines, tumor necrosis factor-alpha, inter-
leukin-6, and plasminogen activator inhibitor-1 and decreased levels of adiponectin  (120) . Both low-
grade inflammation and specific inflammatory markers (interleukin-6 and C-reactive protein) have 
been shown to predict type 2 diabetes  (131,   132)  and higher adiponectin levels have been associated 
with a lower risk of developing type 2 diabetes  (133) . Inflammatory cytokines have an adverse effect 
on insulin sensitivity as well as the vasculature and may be a mechanism by which known risk factors, 
such as hypertension, obesity, and smoking, promote cardiovascular disease in diabetes  (120) .   

  SUMMARY  

 Cardiovascular disease remains the leading cause of death among individuals with diabetes melli-
tus. The prediabetic state, which includes impaired glucose metabolism, dyslipidemia, hypertension, 
and other cardiovascular risk factors and which proceeds the onset of type 2 diabetes by many years 
is a major contributor to elevated cardiovascular disease risk. Most of the research on cardiovascular 
disease risk reduction in diabetes has focused on treatment of hypertension and hyperlipidemia (primarily 
elevated LDL-cholesterol) and shown consistent beneficial effects. Thus, aggressive management of 
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blood pressure and lipids remain the cornerstones of therapy for preventing cardiovascular disease in 
diabetes. There are several issues related to cardiovascular disease management in diabetes that 
require further investigation. First, the role of hyperglycemia in the development of the macrovascular 
complications of diabetes remains unresolved. The ACCORD and ADVANCE Trials did not show a 
benefit of intensive glucose control with an HbA 

1c
  of <7% in reducing cardiovascular outcomes in 

individuals with type 2 diabetes and in the ACCORD Trial, there was an increased risk of mortality, 
the etiology of which remains unclear. Other ongoing trials will provide additional information about 
whether specific glucose-lowering therapies may reduce cardiovascular risk in individuals with type 
2 diabetes. Second, whether treatment of insulin resistance through pharmacologic or behavioral 
interventions will lower cardiovascular disease risk in diabetes remains unresolved as well. In the 
interim, cardiovascular risk factors should be treated aggressively with therapies aimed at lowering 
blood pressure, correcting dyslipidemia, and encouraging smoking cessation, physical activity, and 
aspirin use. These therapies are also known to improve systemic inflammation and endothelial 
dysfunction that contribute to cardiovascular disease in diabetes.      
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  Abstract 

 Vascular endothelial function is essential for the maintenance of health of the vessel wall and for 
the vasomotor control in both conduit and resistance vessels. These functions are due to the produc-
tion of numerous vasomodulators, of which nitric oxide (NO) has been the most significant and the 
most widely studied. Endothelial function deteriorates with age and in the presence of several other 
risk factors for atherosclerosis, including diabetes, obesity, hypercholesterolemia, hypertension, 
hyperhomocysteinemia, and smoking. In addition, endothelial dysfunction is highly related with 
chronic vascular inflammation and is considered to be an independent risk factor for atherosclerosis. 
Physical training has beneficial effects on multiple cardiovascular risk factors, such as dyslipidemia, 
hypertension, diabetes, and cardiovascular events, by augmenting endothelial, NO-dependent vasodi-
lation in both large and small arteries. In addition, physical activity shows beneficial effect on the 
chronic vascular inflammation, reducing most of the biochemical inflammation markers.    

 Key words: Diabetes; Exersice; Endothelial Dysfunction. 

  INTRODUCTION  

 The main reason for increased morbidity and mortality in patients with type 1 or 2 diabetes is 
cardiovascular disease. The relationship between diabetes and cardiovascular disease is so intimate 
that diabetes itself may be considered a cardiovascular disease  (1) . A considerable body of evidence 
in humans indicates that endothelial dysfunction is closely associated with the development of micro 
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and macrovascular diseases in both type 1 and type 2 diabetes  (2) . In addition, recent compelling 
evidence has shown the significant and independent role of inflammation, insulin resistance, and 
subsequent endothelial dysfunction in the initiation and progression of atherosclerosis, superimposed 
on traditional risk factors  (3–  6) . 

 Exercise is currently considered as the cornerstone of the prevention and management of type 2 
diabetes. Although there is no evidence that exercise can prevent type 1 diabetes, there is evidence 
from cohort studies that regular physical activity is associated with reduced mortality in both type 1 
and type 2 diabetes  (7) . Given the abundant data linking diabetes, endothelial dysfunction, inflammation, 
and atherosclerosis, the present chapter will focus on the effects of exercise on endothelial reactivity 
and systemic inflammation in diabetic patients.  

  ENDOTHELIUM  

 The vascular endothelium is a large paracrine organ that secretes numerous factors regulating vascular 
tone, cell growth, platelet and leukocyte interactions, and thrombogenicity. The endothelium senses and 
responds to a myriad of internal and external stimuli through complex cell membrane receptors and 
signal transduction mechanisms, leading to the synthesis and release of various vasoactive, thromboregu-
latory, and growth factor substances  (8–  16) . The normal, healthy endothelium regulates vascular tone 
and structure while exerts anticoagulant, antiplatelet, and fibrinolytic properties. Under normal condi-
tions, shear stress created by laminar blood flow through the vessel lumen stimulates a G protein-medi-
ated signaling pathway in endothelial cells. The maintenance of vascular tone is accomplished by the 
release of numerous dilator and constrictor substances. Arginine is used as a substrate by endothelial 
nitric oxide synthase (eNOS) to produce nitric oxide (NO), the most potent vasodilatory molecule, origi-
nally identified as endothelium-derived relaxing factor (EDRF) (Fig   .  1 . Other endothelium-derived 

  Fig. 1.    Physiology of endothelium and vascular smooth muscle in maintaining vascular tone. The endothelium acts 
as a paracrine organ, secreting vasodilator substances [nitric oxide ( NO ) and prostacyclin] and vasoconstrictor substances 
(endothelin and TXA2), which diffuse and act on the adjacent smooth muscle. Shear stress and acetylcholine are 
capable of producing endothelium-dependent vasodilation, while sodium nitroprusside ( SNP ) and nitroglycerin 
( NTG ) -elicit endothelium-independent vasodilation.       
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vasodilators are prostacyclin and bradykinin  (17) . ProstaIcyclin acts synergistically with NO to inhibit 
platelet aggregation  (18) . Bradykinin stimulates release of NO, prostacyclin, and endothelium-derived 
hyperpolarizing factor, another vasodilator, which contributes to inhibition of platelet aggregation  (17) . 
Bradykinin also stimulates production of tissue plasminogen activator (t-PA), thus, may play an impor-
tant role in fibrinolysis. The endothelium also produces vasoconstrictor substances, such as endothelin 
(the most potent endogenous vasoconstrictor identified to date) and angiotensin II. Angiotensin II not 
only acts as a vasoconstrictor but also as a prooxidant stimulating the production of endothelin  (1) . 
Endothelin and angiotensin II promote the proliferation of smooth muscle cells and, thereby, contribute 
to the formation of plaque  (17) . Activated macrophages and vascular smooth muscle cells, which are 
characteristic cellular components of atherosclerotic plaque, produce large amounts of endothelin-1  (19) .  

  Endothelium-Dependent vs. Independent Vasodilation 
 Endothelial-derived vasoactive substances produce their effects on smooth muscle cells through various 

intracellular signaling pathways. The details of these pathways will not be discussed here in full, except 
to note that the NO pathway uses the second messenger cyclic guanosine monophosphate (cGMP) while 
the prostacyclin pathway involves the second messenger cyclic adenosine monophosphate (cAMP) 
(Fig.  1 ). Additionally, vascular smooth muscle is influenced by many other factors (e.g., neural, endocrine) 
other than the paracrine influences from the endothelium  (12,   13) . Vasodilation can hence be categorized 
as either endothelium dependent or endothelium independent. Physiologically, all of these mechanisms 
of vascular control work in concert, but experimentally they can be isolated and studied. 

 Endothelium-dependent vasodilation can be isolated for study in two convenient ways. In one 
method, which will be discussed in detail later, flow-mediated vasodilation (FMD) is measured after 
a 5-min inclusion of the branchial artery. This technique is very attractive, because it is noninvasive 
and allows repeated measurements. An alternative invasive method relies on the intra-arterial admin-
istration of agents that are capable of activating the same G-protein pathway as shear stress, mainly 
acetylcholine chloride or metacholine, and causes endothelium-dependent vasodilation  (20–  22) . 

 Endothelium-independent vasodilation is elicited with the administration of two similarly acting 
compounds, nitroglycerin (NTG) sublingually or sodium nitroprusside (SNP) topically. These drugs 
are NO donors and increase the production of cGMP in the vascular smooth muscle cells directly and 
independently from any endothelial action. In this way, the endothelium is bypassed, resulting in 
vasodilation that is completely independent of the endothelium  (20,   22) . 

 Initial studies reported impaired endothelium-dependent vasodilation in diabetes while the endothe-
lium independent was normal. However, subsequent studies, especially in the microcirculation, have 
shown that both the endothelium-dependent and independent vasodilation are impaired, indicating 
that diabetes affects both the endothelial and vascular smooth muscle cell  (20–  25) .  

  Micro vs. Macrocirculation 
 Diabetes affects the macrocirculation in a similar way that other proatherogenic conditions do. 

As a result, there are no major differences in the development of macrovascular disease between diabetic 
and nondiabetic patients. In the lower extremity, a minor difference is that diabetes tends to affect 
more often the arteries below the knee while in nondiabetic patients the femoral artery is more 
commonly affected  (26–  30) . 

 The microcirculation is almost exclusively affected by diabetes and leads to the development of the 
long-term diabetic complications (nephropathy, retinopathy, and neuropathy). Usually, there are no clinical 
manifestations of microcirculation complications in nondiabetic patients with atherosclerosis  (31–  34) . 
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 In 1959, an occlusive “small vessel disease” was described in a retrospective histological study and 
was suggested as the main mechanism for the development of diabetic microvascular disease  (26) . 
However, it was subsequently shown that the microcirculation does not suffer from an occlusive 
disorder analogous to the atherosclerotic disease that affects the capillaries or arterioles  (27–  30) . 
Instead, convincing evidence has shown that the main changes in the microcirculation are functional 
rather than structural, such as increased vascular permeability and impaired autoregulation of blood 
flow and vascular tone, with hyperglycemia and insulin resistance likely working synergistically to 
bring about these changes. It should be noted though that while the disease process differs between 
micro and macrocirculation, in both cases, the regulation of vascular tone that depends on the normal 
function of the endothelial cell – vascular smooth muscle cell axis is impaired, and that this impairment 
is the first step for the development of vascular disease  (25,   31,   34) .  

  Evaluation of the Macrocirculation Vascular Reactivity 
 The most common method for evaluating the vascular reactivity in the macrocirculation is by ultra-

sonographic imaging, which is a noninvasive technique. The brachial artery is one of the most con-
venient to work with because FMD can be easily induced at this location  (35) . Subject preparation is 
critical because there are many factors (e.g., temperature, food, drugs, sympathetic stimuli, and men-
strual cycle) that can affect flow-mediated vascular reactivity. Therefore, subjects should fast for at 
least 8–12 h before the study, which must be taken place in a quiet, temperature-controlled 
room. A continuous two-dimensional grayscale ultrasound image is taken in the longitudinal plane 
of the brachial artery in the area above the antecubital fossa with the patient in the supine position, 
using a high-resolution ultrasound machine. Electrocardiogram (EKG) should be used in conjunction 
with ultrasound so that analysis can be done at a consistent time in the cardiac cycle. 

 A baseline image is first taken, followed by occlusion of the brachial artery by inflation of a sphyg-
momanometric cuff placed either above or below the antecubital fossa (Fig.  2 ). The cuff is typically 
inflated to 50 mmHg above systolic pressure for 5 min, during which the resultant ischemia causes 
dilation of downstream blood vessels. When the cuff is deflated there is an increased flow in the bra-
chial artery because of hypoxia-induced reactive hyperemia. This results in increased shear stress, 
leading to vasodilation. Ultrasound image acquisition begins a few seconds before release of the cuff 
and continues for at least 1 min after. Several studies have suggested that the maximal increase in 
diameter occurs ~60 s after the release of the occlusive cuff (Fig.  3 ). FMD is calculated as the percent 
change between poststimulus and baseline diameter  (35) .   

 Assessment of the endothelium-independent vasodilation is performed by sublingual administration 
of NTG. This is performed after a resting period of at least 15 min after the FMD evaluation that 
allows the vessel diameter to return to baseline. Images of the brachial artery are recorded at baseline, 
prior to administration of NTG, and during peak vasodilation that typically occurs 3–4 min after 
the administration of NTG (Fig.  3 ). The endothelium-independent vasodilation is calculated as the 
percent change between poststimulus and baseline diameter  (35) .  

  Evaluation of the Microcirculation Vascular Reactivity 
 The most widely accepted technique for evaluating blood flow in the skin microcirculation is the 

use of laser Doppler flowmetry in conjunction with iontophoresis. Laser Doppler flowmetry uses a 
red laser that is transmitted to the skin. Red blood cells moving in the skin back-scatter light from 
the laser, causing a frequency shift in the light that is sensed by the probe and used as a measure of 
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superficial microvascular perfusion  (23,   36) . There are two types of laser probes available for use: 
single-point laser probes and real-time laser scanners. 

 One of the major limitations of using single-point laser probes is that skin exhibits a heterogeneous 
hyperemic response across its surface. The method of real-time laser scanning can overcome this 
limitation by evaluating the entire area of skin rather than single points. In this procedure, a laser 
Doppler perfusion imager is used to sequentially scan an area of skin with a 1-mW helium–neon laser 
beam of 633-nm wavelength (Fig.  4 ). The blood flow in the skin is recorded by the scanner and 
expressed in volts.  

 The iontophoresis technique is used to apply vasoactive substances to a localized area of the skin. 
In this technique, a delivery vehicle device is attached firmly to the skin with double-sided adhesive 
tape. The device contains two chambers that accommodate two single-point laser probes. A small 
quantity of 1% Ach solution or 1% of SNP solution is placed in the iontophoresis chamber and a 
constant current of 200 mA is applied for 60 s, achieving a dose of 6 mC/cm 2  between the iontophoresis 

  Fig. 2.    Technique for obtaining ultrasonographic images of the left brachial artery. The patient lies in the supine posi-
tion while the technician obtains an image in the longitudinal plane of the brachial artery in the area above the antecu-
bital fossa. The sphygmomanometric cuff, which is used in the assessment of endothelium-dependent flow-mediated 
vasodilation ( FMD ), can be placed either above ( a ) or below ( b ) the antecubital fossa.       

a

b



  Fig. 3.    Ultrasonographic images of endothelium-dependent vasodilation, before and 5 min after the cuff release ( up ), and 
images of endothelium-independent vasodilation before and 3 min after the nitroglycerin ( NTG ) administration ( down ).       

  Fig. 4.    An iontophoresis chamber with two single-point laser probes in position on the forearm. Probe 1 (in the periphery 
of the circular chamber) measures the direct effect of vasoactive substance on the microvasculature, while probe 2 (in 
the center of the chamber) measures the indirect effect of vasoactive substance on the microvasculature (the nerve-axon 
related hyperemic response). In this method of laser Doppler flowmetry, it is possible to evaluate endothelium-dependent 
vasodilation with the use of acetylcholine chloride solution as the vasoactive substance, and endothelium-independent vasodi-
lation with the use of sodium nitroprusside ( SNP ) solution as the vasoactive substance.       
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chamber and a second nonactive electrode placed 10–15 cm proximal to the chamber. This current 
causes a movement of solution to be iontophoresed toward the skin, resulting in vasodilatation  (36) . 

 A baseline scan is taken and iontophoresis is performed as described above. Following the comple-
tion of the iontophoresis, a second scan is taken. The difference in blood flow between the two scans 
represents the increase in the blood flow (Figs.     5  and  6)   (36) .    

  Fig. 5.    Stimulation of the C-nociceptive nerve fibers leads to antidromic stimulation of the adjacent C fibers, which 
secrete substance P, calcitonin gene-related peptide ( CGRP ), and histamine that cause vasodilatation and increased 
blood flow.       
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  Fig. 6.    A laser Doppler perfusion imager, which sequentially scans selected areas of skin in real time. This method 
allows for the evaluation of the hyperemic response to vasoactive substance over the entire area of skin rather than at 
a single point.       
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  Biochemical and Cellular Markers of Endothelial Dysfunction 
 Endothelial cells produce a wide array of vasoactive factors. Under normal conditions, these factors 

are present in small concentrations in the systemic circulation but during endothelial injury their 
levels increase considerably. These molecules can therefore serve as biochemical markers for 
endothelial dysfunction, some of which will be discussed below. 

 Cellular adhesion molecules (CAMs) are produced by endothelial cells and inserted into their 
apical membrane in response to inflammatory stimuli. As their name implies, CAMs are involved in 
the adhesion of circulating leukocytes to endothelial cells and play a role in transmigration. 
Pathologically, CAMs play a significant role in the development of atherosclerosis as they facilitate 
the migration of monocytes to the vascular intima where they phagocytize oxidized low-density lipo-
protein (ox-LDL) and become foam cells  (4,   5) . 

 In addition to the membrane-bound form, CAMs are also produced in the soluble form, and as 
such, they can be measured in the plasma. Soluble intercellular adhesion molecules (sICAMs) at 
increased concentrations have been shown to correlate with a higher risk of future cardiovascular 
disease  (37) . Endothelial cells express CAMs when incubated in high glucose conditions in vitro  (38) , 
and elevated levels of CAMs have been observed in patients both with impaired glucose tolerance 
(IGT) and with diabetes  (39,   40) . Furthermore, in the vitreous, levels of vascular cell adhesion mole-
cule-1 (VCAM-1) and vascular endothelial growth factor (VEGF) directly correlate in patients with 
proliferative diabetic retinopathy (PDR)  (41) . 

 Von Willebrand factor (vWF), a multimeric glycoprotein synthesized principally by endothelial 
cells, is involved in platelet adhesion and aggregation. It also acts as the carrier of coagulation factor 
VIII in the plasma. Damage to endothelial cells induces the release of increased amounts of vWF into 
the bloodstream, and this has been found in association with atherosclerosis  (42)  and diabetes  (42–  44) . 
Notably, plasma vWF concentration increases later in disease progression than does the plasma 
concentration of sCAMs  (45) . As a result, vWF is increasingly being used as a late marker of endothelial 
dysfunction  (45) .   

  ENDOTHELIAL DYSFUNCTION DIABETES AND CARDIOVASCULAR DISEASE  

 Endothelial dysfunction is a term that implies diminished production or availability of NO and/or an 
imbalance in the endothelium-derived relaxing and contractive factors. In nondiabetic subjects, endothe-
lial dysfunction is present long before atherosclerosis appears and can serve as an independent predictor 
of future cardiovascular disease  (46–  48) . Diabetes – both type1 and type 2 – along with obesity and 
hyperlipidemia are the most significant factors for endothelial dysfunction. Other factors that induce 
endothelial dysfunction are hyperhomocysteinemia, smoking, and high caffeine consumption  (49,   50) . 

 In type 1 diabetes, endothelial dysfunction is present in the early stages, usually within 5 years after 
the diagnosis of the disease, and is progressively deteriorating. When the first stages of microvascular 
complications present themselves, especially microalbuminuria, endothelial impairment is fully 
established and manifests itself by impaired endothelium-dependent vasodilation and increased serum 
levels of markers of endothelial dysfunction, such as vWF and CAMs  (51–  53) . 

 The role of endothelial impairment in type 2 diabetes is more complicated. In type 2 diabetic 
patients, markers of endothelial dysfunction are often elevated years before any evidence of macroan-
giopathy becomes evident  (54–  62) . The effects of aging hyperlipidemia, hypertension, and other 
factors add to the complexity of the problem. 

 A major pathophysiological alteration of type 2 diabetes is insulin resistance. There is a growing 
body of evidence that demonstrates the coexistence of insulin resistance and endothelial dysfunction. 
Insulin-induced vasodilation, which is partially regulated by NO release, is impaired in obese nondiabetic 
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individuals who display insulin resistance  (63) . Data from a large number of clinical studies suggest 
that endothelial dysfunction occurs in a concomitant manner with insulin resistance and antedates 
overt hyperglycemia in patients with type 2 diabetes. Furthermore, additional studies have shown that, 
endothelial dysfunction is present early in individuals at risk of developing type 2 diabetes, even at a 
stage when normal glucose tolerance and insulin sensitivity exists  (64,   65) .  

  ROLE OF INFLAMMATION IN CARDIOVASCULAR DISEASE  

 Over the last decade, an abundance of evidence has emerged demonstrating a central role for 
inflammation in all phases of the atherosclerotic disease process, from lesion initiation to progression 
and, finally, to plaque rupture and the consecutive complications of cardiovascular disease. Thus, a 
large number of population-based epidemiological and clinical studies have shown strong and consist-
ent relationships between markers of inflammation and impaired carbohydrate and lipids metabolism, 
endothelial dysfunction, and atherosclerosis. The results of these studies have increased interest in the 
potential use of inflammatory biomarkers to predict the risk for cardiovascular events, while they also 
raise the possibility that inflammatory factors may serve as targets of therapy  (66–  88) . 

  The Role of Inflammation in the Pathogenesis of Atherosclerosis 
 Inflammation is a major factor that causes endothelial dysfunction and leads to the expression of 

CAMs, cytokines, and chemokines which facilitate adherence and endothelial transmigration of 
leukocytes (monocytes and T-helper lymphocytes). Monocytes residing in the arterial wall become 
activated by proinflammatory cytokines and differentiate into macrophages. Activated macrophages 
and lymphocytes increase the expression of CAMs, cytokines, growth factors, and metalloproteinases 
which result in recruitment of more leukocytes into the arterial wall, activate the complement path-
ways of the immune system and the acute phase response, stimulate proliferation and migration of 
smooth muscle cells (SMCs), and promote fibrous tissue deposition  (4,   88) . 

 The next step involves the development of the early atherosclerotic lesion. During this phase, ox-LDL 
are taken up by macrophages via the scavenger receptor lectin-like oxidized low-density lipoprotein 
receptor-1 (LOX-1) leading to foam cells formation which characterize early atheroma  (89) . Within the 
developing atheroma, the foam cells secrete proinflammatory cytokines [such as tumor necrosis factor 
alpha (TNF- α ) and interleukin (IL)-1]. Apart from macrophages, T-lymphocytes are also present in the 
arterial intima and their activation also results in the secretion of cytokines, chemokines, and growth 
factors and triggers the CD40/CD40L signaling pathway  (90,   91) . Thus, inflammation plays an impor-
tant role in both the early and late stages of the development of the atherosclerotic plaque.  

  Serum Markers of Inflammation 
 A number of biomarkers that appear to be linked to inflammation and atherogenesis have being iden-

tified, while others are still under evaluation. The most significant of them are briefly analyzed below.  

  C-Reactive Protein 
 C-reactive protein (CRP) was originally discovered by Tillett and Francis in 1930 and is an early 

acute-phase reactant that is produced in response to acute injury, infection, or other acute inflamma-
tory stimuli. Although the main source for CRP production is the liver, recent studies have shown that 



140 Doupis et al.

arterial tissue can also produce CRP  (92) . IL-1, IL-6, and TNF- α  are the main cytokines that stimulate 
CRP synthesis by inducing hepatic gene expression  (93) . 

 Current clinical evidence supports that CRP is a strong and independent predictor of atherosclerotic 
risk and it may be used as a tool for determining the risk for acute coronary syndromes as it strongly 
predicts future cardiovascular events  (66–  75) . In addition, several studies have demonstrated relation-
ships between CRP and the metabolic syndrome  (94,   95) , while other studies suggest that CRP is not 
only a serum biomarker for atherosclerosis but is also involved in the process of atherosclerosis 
through the promotion of endothelial dysfunction. There is also evidence that early CRP deposition 
on arterial wall induces ICAM-1, VCAM-1, and monocyte chemoattractant protein (MCP-1) produc-
tion by endothelial cells. More recently, CRP has been demonstrated to inhibit the survival and 
differentiation of bone marrow-derived endothelial progenitor cells, which play a key role in postnatal 
neovascularization  (96–  100) . Conditions, activities, and medications that affect levels of CRP are 
summarized in Table  1.       

  Cytokines and Chemokines 
 Cytokines are small, nonstructural proteins with molecular weights ranging from 8 to 40,000 Da. 

Originally called lymphokines and monokines to indicate their cellular sources, it became clear that 
the term “cytokine” is the best description, since nearly all nucleated cells are capable of synthesizing 
these proteins and, in turn, of responding to them. 

 There are presently 18 cytokines with the name IL. Other cytokines have retained their original 
biological description, such as TNF. Some cytokines clearly promote inflammation and are character-
ized as proinflammatory cytokines, whereas other cytokines suppress the activity of proinflammatory 
cytokines and are characterized as antiinflammatory cytokines. For example, IL-4, IL-10, and IL-13 
are potent activators of B lymphocytes but at the same time they are also potent antiinflammatory 
agents as they suppress the expression of proinflammatory cytokines. 

 The main proinflammatory cytokines are IL-1, IL-6, and TNF- α . IL-1 and IL-6 are pleiotropic 
cytokines with a broad range of humoral and cellular immune effects relating to inflammation, host 
defense, and tissue injury. Serum levels of the proinflammatory cytokines IL-1, IL-6, TNF- α  are ele-
vated in hypercholesterolemic patients  (101) . In addition, several clinical studies have shown an associa-
tion between the plasma levels of these cytokines and cardiovascular risk  (102–  105) . 

 Table 1 
  Conditions, Activities, and Medications that Affect Levels of C-Reactive Protein  

  Increase levels   Decrease levels 

 Inflammation – bacterial infection  Inhibitory cytokinesis 
 Coronary artery disease  Exercise 
 Obesity 
 Sepsis 
 Smoking 
 Vasculitis 
 Inhibitory cytokinesis 
 Malignancy 
 Connective tissue disease 
 Allograft vasculopathy and graft occlusion 
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 Chemokines are small proteins involved in the chemotaxis of monocytes and lymphocytes in the 
early stages of atherosclerosis. In particular, MCP-1 has been postulated as a major signal for the 
accumulation of mononuclear leukocytes. MCP-1 is produced by a variety of cells – including leuko-
cytes, endothelial cells, and fibroblasts – in response to ox-LDL and proinflammatory cytokines. 
Enhanced levels of MCP-1 have been found in patients with cardiovascular risk factors, such as 
hyperlipidemia. In these patients, serum concentrations of MCP-1 were significantly correlated with 
LDL cholesterol. Furthermore, this chemokine is upregulated in human atherosclerotic plaque and in 
the arteries of primates fed a high-cholesterol diet. Increased MCP-1 expression has been found in 
patients with coronary artery disease  (89,   104,   105) . 

 In conclusion, it seems that proinflammatory cytokines and chemokines are taking a great part in 
the process of atherogenesis and they could possibly be promising markers of atherosclerosis.  

  Adiponectin 
 Adiponectin is an adipocyte-derived 244 amino acid adipokine that is synthesized and secreted by 

adipocytes and presents well-established antiatherogenic and insulin-sensitizing properties. Low 
levels of adiponectin have been associated with obesity, the metabolic syndrome, and type 2 diabetes 
 (106) . Other studies suggest that low levels of adiponectin have also been associated with CVD in 
different patient populations, independently of traditional risk factors  (107–  109) . 

 Cell biology and animal studies suggest that adiponectin plays an important role in both glucose/
insulin/fatty acid metabolism and inflammation. Whereas initial studies demonstrated that adiponectin 
suppresses the production of the potent proinflammatory cytokine TNF- α , recent studies have showed 
that this adipokine also induces various antiinflammatory cytokines, such as IL-10 or IL-1 receptor 
antagonists. Considering that adiponectin appears to be a modulator of lipid metabolism and systemic 
inflammation, it has been proposed as a novel predictor of individuals at risk for the metabolic 
syndrome and possibly type 2 diabetes.  

  Others 
 Other serum markers of inflammation are CD40 and CD40, lipoprotein-associated phospholipase 

A2, myeloperoxidase, neopterin, defensins, and cathelicidins. All the above, have been shown to 
contribute to the progression of atherosclerosis and cardiovascular disease  (89,   105) .   

  EXERCISE AND ENDOTHELIAL FUNCTION  

 Exercise is known to reduce cardiovascular disease as it increases blood flow, and, therefore, it 
shears stress, through the large and small vessels; it has been suggested that it affects its beneficial 
effects through endothelial stimulation and improvement of the endothelial function  (110) . However, 
most of the studies that included healthy subjects showed that training of small or large groups of 
muscles had no effect on endothelial function while a few studies suggested a beneficial effect 
 (111–  116) . Given the fact that healthy subjects already have normal endothelial function, the lack of 
any exercise benefit on the endothelial function is not surprising, as a further increase of it to supra-
physiological levels seems not feasible. More realistically, it would be expected that in healthy 
subjects, exercise averts the decline of endothelial function and, therefore, prevents the development 
of cardiovascular disease. Support to this hypothesis is provided by numerous epidemiologic studies 
that have clearly demonstrated that daily physical aerobic exercise prevents the cardiovascular mortality 
and morbidity and that physical inactivity (sedentary state) per se is a risk factor for cardiovascular 
diseases  (117–  119) . 
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 In contrast to studies that involved healthy subjects, studies in subjects with cardiovascular disease, 
congestive heart failure  (120,   121) , and type 2 diabetes  (122)  showed that regular exercise had a 
significant increase in flow-mediated endothelium-dependent and -independent vasodilation. The 
beneficial effects were seen both during exercise of localized muscle groups, mainly in lower limbs, 
 (123–  125)  or whole body exercise  (120–  122,   126–  129) . 

 Although the mechanism of improvement in endothelial function during exercise has not been fully 
clarified, it is thought that regular aerobic exercise increases NO production through the upregulation 
of eNOS gene expression and VEGF-induced angiogenesis. In addition, exercise decreases NO inac-
tivation through the augmentation of superoxide dismutase (SOD) and glutathione peroxidase (GPx) 
and attenuation of nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide phosphate 
(NADH/NADPH) oxidase activity, leading to an increase in NO bioavailability  (130) .  

  EXERCISE AND INFLAMMATION  

 Large epidemiological studies have shown that regular exercise is associated with reduced inflam-
mation  (131–  133) . Thus, increased physical activity is associated with reduced CRP levels, fibrinogen, 
coagulation factors VIII and IX, vWF, fibrin  d -dimer, and t-PA antigen. Furthermore, an interventional 
study showed that regular daily exercise leads to the reduction of the CRP serum levels In the same 
study, the monocyte production of proinflammatory TNF- α  and IL-6 cytokines levels was also 
reduced while the production of antiatherogenic and antiinflammatory cytokines such as IL-4, IL-10, 
and transforming growth factor- β  (TGF- β ) was increased  (134–  136) . 

 The exact mechanisms that are related to the reduced inflammation in subjects who exercise regu-
larly are not clear. However, acute exercise has been shown to increase the levels of IL-10 and IL-1ra 
 (134–  136) . Furthermore, it inhibits the production of TNF- α , at least partly through the suppressive 
action of IL-10 and the muscle-derived IL-6  (137) . Other possible mechanisms include alterations in 
the balance between the sympathetic and parasympathetic nervous systems, reduced expression of 
toll-like receptor 4 (TLR4) and changes in the innate immunity  (138) .      
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  Abstract 

 Being overweight or obese and physical inactivity markedly increases the risk of developing cardiovascular 
and other complications in persons with type 2 diabetes. Growing evidence highlights the adverse effect of 
having abdominal obesity on cardiometabolic health. There is also an increasing prevalence of non-alcoholic 
fatty liver disease, which also contributes to increased cardiometabolic risk among diabetics. Increasing levels 
of physical activity contribute to weight reduction, along with dietary interventions. However, independent of 
total body weight loss, exercise reduces abdominal obesity, and along with the concomitant benefits on multi-
ple cardiometabolic risk factors such as hypertension, insulin resistance, hyperlipidemia, among others, plays 
a central role in reducing the complications of diabetes. There is some but not entirely conclusive evidence, 
mainly because of the lack of randomized, controlled trials, that exercise also reduces hepatic fat. Though exer-
cise has been widely recognized as an cornerstone treatment in the medical management for type 2 diabetes, 
its benefits go beyond the established benefits on fitness levels. The discussion in this chapter focuses on the 
benefits of exercise on favorable altering body composition, which can occur largely independent of weight 
change. The resulting reduction in regional fat depots is an important benefit of regular physical activity. For 
most individuals with diabetes, participation in both aerobic and resistance exercise is recommended to maxi-
mize benefits on body composition. These benefits consist of reduction in fat and increased in lean mass. 

 Key words: Exercise; Physical activity; Obesity; Abdominal obesity; Overweight; Type 2 diabetes; Metabolic 
syndrome.  
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 The type 2 diabetes epidemic is largely attributable to being overweight or obese and being physically 
inactivie  (1,   2) . The consequences of obesity are severe, affecting the health, quality of life, and econom-
ics of the nation  (3) . On the basis of the body mass index (BMI), the 2001 National Health Interview 
Survey  (4)  reported that 36% of adults were overweight (BMI > 25) and 23% were obese (BMI > 30). 
The mean yearly change in these rates increased from 0.61% during the period from 1986 to 1995 to 
0.95% from 1997 to 2002  (5) . The June 2007 Consumer Reports health survey indicated that 41% of the 
adult US population is trying to lose weight. Sixty-three percent of people polled responded that they 
have dieted at some point in their lives. Besides being a risk factor for type 2 diabetes  (6) , obesity, one 
of the ten leading US health indicators, is also associated with increased risk for hypertension, dyslipi-
demia, coronary heart disease, stroke, and certain cancers  (7) . The Chicago Heart Association Detection 
Project in Industry study  (8) , after a mean follow-up of 32 years, showed that individuals with no cardio-
vascular risk factors as well as for those with one or more risk factors at baseline, and those who were 
obese in middle age had a higher risk of hospitalization and mortality from cardiovascular disease and 
diabetes in older age than those who were of normal weight. Some studies have shown that abdominal 
obesity may be a better predictor than overall obesity for disease risks and all-cause mortality  (9) . Data 
from the National Health and Nutrition Examination Survey between the periods of 1988–1994 and 
2003–2004 have shown that the age-adjusted waist circumference increased from 96.0 to 100.4 cm 
among men ( p  < 0.001) and from 89.0 to 94.0 cm among women ( p  < 0.001) and that the age-adjusted 
prevalence of abdominal obesity increased from 29.5% to 42.4% among men ( p  < 0.001) and from 
47.0% to 61.3% among women ( p  < 0.001). Thus, the mean waist circumference and the prevalence of 
abdominal obesity among US adults have increased markedly during the past 15 years, and over one-half 
of US adults had abdominal obesity in the period of 2003–2004. 

 Unfortunately, the problem of increasing levels of obesity is also a growing concern in children. 
In the National Heart, Lung and Blood Institute Growth and Health Study  (10) , 1,166 Caucasian and 
1,213 African-American girls, were followed longitudinally between age 9 or 10 and 18 years, and 
self-reported measures were obtained at age 21–23 years. The rates of overweight increased 
through adolescence from 7 to 10% in the Caucasian girls and from 17 to 24% in the African-
American girls. Girls who were overweight during childhood were 11–30 times more likely to be 
obese in young adulthood. Being overweight was significantly associated with an increased preva-
lence of cardiovascular disease risk factors including systolic and diastolic blood pressure, high-
density lipoprotein cholesterol, and triglyceride levels. Similar to adults, the mean waist circumference 
and waist-height ratio and the prevalence of abdominal obesity among US children and adolescents 
greatly increased between 1988–1994 and 1999–2004  (11) . Using the 90th percentile values of waist 
circumference for gender and age, the prevalence of abdominal obesity increased by 65.4% (from 
10.5% to 17.4%) and 69.4% (from 10.5% to 17.8%) for boys and girls, respectively. Another study 
 (12)  of 9- to 11.5-year-old obese and lean children found that higher levels of total body fat and waist 
circumference were associated with increased levels of fasting insulin, C-reactive protein, and triglyc-
erides and lower HDL cholesterol. Increased waist circumference and reduced cardiorespiratory fit-
ness were strongly associated with increased insulin resistance. Clearly, interventions are needed to 
reduce fatness and increase fitness in children as these modifiable risk factors markedly increase their 
future risk of developing type 2 diabetes. 

 Nevertheless, whether obesity or fitness and activity level are more important to developing diabe-
tes and diabetes-related cardiovascular complications is not entirely clear. In the Medical Expenditure 
Panel Survey,  (1)  type 2 diabetes and cardiovascular disease risk increased with a higher BMI regard-
less of activity level and increased with inactivity regardless of BMI. Thus, both physical inactivity 
and obesity seem to be strongly and independently associated with these conditions. In the Nurses’ 
Health Study  (13) , sedentary behaviors, especially TV watching, were associated with significantly 
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elevated risk of obesity and type 2 diabetes, whereas even light to moderate activity was associated 
with substantially lower risk. In a 2007 report from the Nurses’ Health Study  (14) , among 68,907 
female nurses who had no history of diabetes, cardiovascular disease, or cancer at baseline, during 16 
years of follow-up, the risk of developing type 2 diabetes increased progressively with increasing 
BMI and waist circumference and with decreasing physical activity levels. In combined analyses, 
obesity and physical activity independently contributed to the development of diabetes; however, the 
magnitude of the risk contributed by obesity appeared to be greater than that imparted by physical 
activity. 

  OVERWEIGHT AND OBESITY DEFINED  

 The most prevalent method for determining overweight and obesity classification is the BMI. BMI 
is calculated as weight in kilograms divided by the square of height in meters and is expressed as kg/m 2 . 
According to the National Institutes of Health’s Clinical Guidelines on the Identification, Evaluation, 
and Treatment of Overweight and Obesity in Adults  (15)  and as shown in Table  1 , an individual with 
a BMI greater than 25 kg/m 2  is considered overweight whereas the threshold for obesity begins above 
30 kg/m 2 . Although the BMI is readily obtainable and widely used in clinical settings and in population 
studies, it does not specify body fat distribution.      

 Fat distribution, particularly the accumulation of abdominal visceral fat, may be a more powerful 
determinant of metabolic disease and cardiovascular disease risk than being merely overweight or 
obese. A recent study of 164 adult patients with established diabetes who have a history of poor gly-
cemic control found that waist circumference by itself, independent of other risk factors comprising 
the metabolic syndrome, was a strong predictor of future glycemic control  (16) . Fat distributed in the 
arms and legs, however, appears to impose little or no risk  (17,   18) . Nevertheless, a recent study in 
men found that 6 months of exercise combined with weight loss was efficacious for reducing intra-
muscular lipids, which correlated with improvements in glucose tolerance  (19) . After accounting for 
intramuscular lipid, the changes in other regional fat depots did not independently add to the predic-
tion of changes in glucose tolerance. Further research is needed to fully clarify these mechanisms. 

 For abdominal obesity, waist circumference correlates strongly with abdominal fat content as deter-
mined by imaging methods  (20)  and provides a good quality clinical measurement for determining 
abdominal obesity. Among most adults with a BMI of 25–34.9 kg/m 2 , sex-specific cut points for waist 
circumference have been identified for an increased relative risk for the development of obesity-
associated risk factors  (15) . A waist circumference greater than 102 cm (40 in.) among men and 
greater than 88 cm (35 in.) among women indicates an increased risk. Of note, waist circumference 
cut points tend to lose their incremental predictive power in individuals with a BMI  > 35 kg 2  because 
they will typically exceed the waist circumference cut points noted. 

 On the basis of body mass index, this table categorizes indi-
viduals into different weight classifications 

 Table 1 
  Classification of Weight Status by Body Mass Index  

  BMI   Classification 

 Below 18.5  Underweight 
 18.5–24.9  Healthy weight 
 25.0–29.9  Overweight 
 30 or higher  Obese 
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 Despite the detrimental effects of abdominal obesity on cardiometabolic health, the Shape of the 
Nations survey  (21) , which was performed to assess knowledge and understanding of the increased 
risk associated with abdominal obesity, showed the need to improve efforts for education and action 
to increase awareness of this health risk. On average, 39% of all people visiting a primary care physi-
cian worldwide were overweight or obese. In North America, this proportion was 49%. Abdominal 
obesity was recognized by 58% of primary care physicians worldwide as a significant risk factor for 
heart disease; an equal proportion considered high BMI to be a risk factor. Worldwide, 45% of all 
physicians reported never measuring waist circumference and 52% overestimated the waist circumfer-
ence that puts their patients at risk. In the general population, 42% were aware of the association 
between abdominal obesity and risk, but only 60% considered high BMI an important risk factor. 
Only a small proportion of the general population knew their waist circumference or knew the waist 
circumference that is considered to confer significantly increased risk. More than half (59%) of at-risk 
patients had not been informed by their physicians about the association of abdominal obesity with 
heart disease.  

  A BRIEF REVIEW OF MECHANISMS LINKING OBESITY WITH TYPE 2 DIABETES  

 A summary of several of the mechanisms leading to the development of diabetes and the risk of 
developing cardiovascular disease complications from diabetes related to adiposity and inactivity is 
shown in Fig.  1 . A key physiological mechanism in this pathway is that increased general and abdomi-
nal obesity is strongly associated with insulin resistance, which represents the principal underlying 

Obesity/Overweight/Inactivity

Increased abdominal fat
Increased hepatic fat

Worsening glycemic control
Metabolic syndrome

Atherosclerosis
Heart failure

Additional mechanisms
Hypertension

Hyperlipidemia
Low aerobic and strength fitness

Leptin resistance

Increased insulin resistance
Reduced insulin sensitivity

Increased systemic inflammation

Key Mechanisms

  Fig. 1.    A summary of several mechanisms leading to the development of diabetes and the risk of developing cardio-
vascular disease complications from diabetes related to adiposity and inactivity.       
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defect leading to type 2 diabetes. Consequently, there is a gradual rise in insulin production, which 
eventually cannot compensate for increasing levels of insulin resistance, which can lead to a complete 
halt in the ability to produce insulin in patients who do not take action such as exercise or weight loss 
to reduce their insulin resistance. According to Lazar  (22) , the epidemic of obesity-associated diabe-
tes is a major crisis in modern societies, in which food is plentiful and exercise is optional. The rela-
tionship between obesity and diabetes is of such interdependence that the term ‘diabesity’ has been 
coined  (23) . Insulin resistance is a central pathogenic factor for the metabolic syndrome and is associ-
ated with both generalized obesity and the accumulation of fat in the omental and intramyocellular 
compartments  (24) . The accumulation of intramyocellular lipids may be due to reduced lipid oxida-
tion capacity  (23) . In the context of the current obesity epidemic, it is imperative to consider interven-
tions that promote weight loss and ameliorate insulin resistance  (24) .  

 Adipose tissue is a dynamic endocrine organ that secretes a number of factors that are increasingly 
recognized to contribute to systemic and vascular inflammation  (25–  27) . Many of these factors, 
collectively referred to as adipokines, appear to regulate, directly or indirectly, a number of the processes 
that contribute to the development of atherosclerosis, including hypertension, endothelial dysfunction, 
insulin resistance, and vascular remodeling. Several adipokines are preferentially expressed in visceral 
adipose tissue, and the secretion of proinflammatory adipokines is elevated with increasing adiposity. 
Biomarkers of inflammation including leukocyte count, tumor necrosis factor-alpha (TNF-alpha), 
interleukin 6 (IL-6), and C-reactive protein, among others, are associated with insulin resistance and 
predict the development of type 2 diabetes and cardiovascular disease  (28) . Among 44 men and 
women, AT IL-18 mRNA content and plasma IL-18 concentration were higher in the obese group 
than in the nonobese group, and these were positively correlated with insulin resistance  (29) . Visceral 
fat accumulation appears to accelerate the adverse effects of these processes leading to the develop-
ment of diabetes and atherosclerosis. Adiponectin, which is a protein that has both anti-inflammatory 
and insulin-sensitizing effects, is downregulated in obesity  (28) . Some consider adiponectin to be the 
“common soil” linking type 2 diabetes and coronary heart disease  (30) . Among 3,640 nondiabetic 
men aged 60–79 years, lower levels of adiponectin were associated with increased waist circumfer-
ence and decreased levels of alcohol intake and physical activity. Lower adiponectin level was also 
associated with increased levels of insulin resistance, triglyceride, C-reactive protein, tissue plasmino-
gen activator, and alanine aminotransferase and with lower levels of HDL-cholesterol and Factor VIII, 
factors associated with diabetes. The risk of having metabolic syndrome status decreased significantly 
with increasing adiponectin. Among 148 women, aged 18–81 years with a BMI range of 17.2–44.3 
kg/m 2 , plasma adiponectin did not change with age but lower levels were associated with increased 
general and abdominal obesity, insulin levels, and glucose utilization during hyperinsulinemic-
euglycemic clamp studies  (31) . Taken together, all of these data suggest that adiponectin may be a 
strong marker of risk for diabetes. 

 Leptin, a protein hormone that plays a central role in regulating energy intake and energy expendi-
ture, is secreted from adipose tissue. Although leptin is a signaling protein that reduces appetite, obese 
persons appear to be resistant to the effects of leptin. As circulating leptin levels increase, cells that 
respond to leptin become desensitized to its effects. Thus, a cycle is created, which leads to worsening 
insulin resistance and obesity, and eventually diabetes. Obesity is also associated with an increase in 
adipose tissue macrophages, which also participate in the inflammatory process through the elabora-
tion of cytokines  (28) . In a 10-year prospective longitudinal study of 748 adults, baseline leptin levels 
predicted the development of obesity, and after adjustment for obesity, the development of glucose 
intolerance, insulin resistance, and metabolic syndrome  (32) . Inflammation is closely associated with 
endothelial dysfunction and is recognized as one of the cardiovascular risk factors clustering in meta-
bolic syndrome  (27) . Obesity is also associated with oxidative stress, and the oxidation of LDL 
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contributes to the development of atherosclerotic lesions. Among 586 men and women enrolled in a 
population-based study conducted in Spain  (33) , increased BMI and waist circumference were each 
associated with increased levels of oxidized-LDL and C-reactive protein, independent of traditional 
cardiovascular disease risk factors. Of note, the risk of high oxidized-LDL was more strongly and 
independently associated with increased waist circumference independently of BMI in the population. 
These data further emphasize the high risk conferred by high levels of abdominal fat deposition.  

  HEPATIC FAT  

 Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disease that can progress to cirrhosis 
and hepatocellular carcinoma  (34) . The incidence of NAFLD is increasing due to its prevalence in 
obesity, diabetes, and insulin-resistance syndrome  (35,   36) , though some patients have normal glucose 
tolerance or body weight  (36) . According to the third National Health and Nutrition Examination 
Survey, more than 6.4 million adults in the USA have NAFLD  (37) . Its prevalence increases steadily 
to 70–90% in obesity or type 2 diabetes  (38) . Cross-sectional data show that NAFLD is associated 
with systemic inflammation and insulin resistance  (39) . A study of 30 healthy normal and moderately 
overweight nondiabetic men found that fat accumulation in the liver is, independent of BMI and intra-
abdominal and overall obesity, characterized by several features of insulin resistance  (40) . In a 2007 
review, Targher  (38)  notes the association of NAFLD with multiple classical and unclassical cardi-
ometabolic risk factors, including an association of increased NAFLD with greater carotid artery 
intima-media thickness and plaque, and impaired endothelial function, independent of obesity and 
other metabolic syndrome components. These findings suggest that NAFLD might be an early media-
tor of cardiovascular disease. Overall, there is limited randomized trial data on lifestyle interventions 
for reducing hepatic fat  (34) . In a 12-week study, adolescents with NAFLD at baseline showed signifi-
cant differences in body mass, BMI, and visceral and subcutaneous fat versus controls  (35) . A diet, 
exercise, and counseling program reduced glucose, abdominal fat, and NAFLD. In a small nonrand-
omized study, ten volunteers had significant reductions of hepatic fat in 10 days  (41) . In another 
nonrandomized study of eight obese diabetics, dietary weight loss of 8 kg was associated with reduced 
hepatic fat, hepatic insulin resistance, and normalization of basal glucose production  (42) . A 6-month 
study of caloric restriction with or without exercise found that either intervention lead to reduced lipid 
deposition in visceral and hepatic tissue and reduced insulin resistance  (43) . Clearly, additional 
research is needed to delineate the role of exercise and weight loss for reducing hepatic fat.  

  PHYSICAL ACTIVITY FOR MANAGING OBESITY AND ALTERING BODY 
COMPOSITION  

 Although many individuals with type 2 diabetes clearly need to reduce their overall body weight, 
not all individuals who are overweight or obese will develop the full range of obesity-related meta-
bolic complications  (44) . Variations in body fat distribution, and particularly those with increased 
abdominal fat accumulation, seem to be at a high risk for developing type 2 diabetes and its complica-
tions. It is well established that physical activity improves fitness, reduces cardiovascular and meta-
bolic disease risk factors, and is effective for increasing insulin sensitivity and reducing A1C. Exercise 
training does not typically result in substantial weight loss in relatively short periods of time. 
Successful programs for weight loss and maintenance most often rely on a combination of diet, exer-
cise, and behavior modification. Exercise alone, without concomitant dietary caloric restriction and 
behavior modification tends to produce only modest weight loss in the range of 2 kg  (45) . Weight loss 
may be modest because overweight and obese persons may not be able to carry out enough exercise 
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to burn a sufficient number of calories to markedly effect energy balance. Furthermore, the caloric 
expenditure with exercise can be easily counterbalanced by eating more or becoming less active 
outside of structured exercise sessions  (45) . Attaining greater amounts of weight loss requires a high 
volume of exercise. In a randomized study of diet and exercise, exercise of 700 kcal/day, which 
requires about an hour of moderate to intense aerobic exercise, produced as much fat loss as what 
might be expected from a 700 kcal/day dietary deficit  (46) . A recent randomized study tested the 
effect of a 25% energy deficit by diet alone or diet plus exercise on body composition and fat distribu-
tion  (47) . After 6 months the calculated energy deficit across the intervention was not different 
between caloric restriction and caloric restriction plus exercise. Overall, participants lost 10% of their 
body weight, about 24% of their fat mass, and 27% of their abdominal visceral fat. Thus, exercise can 
play an equivalent role to caloric restriction in terms of energy balance but it also has the advantage 
of increasing aerobic fitness, which has other beneficial effects on cardiometabolic health. 

 Less appreciated is the fact that maintaining a high level of physical activity will result in favorable 
alterations in body composition, independent of total weight loss. More specifically, exercise training 
has been consistently shown to reduce abdominal obesity, and resistance training will preserve or 
increase lean mass. This benefit of exercise is of clinical importance since abdominal obesity is at the 
core of the diabetes epidemic. Among men who participated in 13 weeks of supervised exercise, regu-
lar exercise without weight loss was associated with a substantial reduction in total and visceral fat 
and in skeletal muscle lipid in both obesity and type 2 diabetes  (48) . Combined with the observation 
that abdominal obesity conveys a significant health risk, and that increased fitness is associated with 
reduced morbidity and mortality independent of BMI, these findings have important clinical and public 
health implications. The important role of exercise was also demonstrated in a study  (49)  in which 
modest weight loss by diet or diet plus exercise for 14 weeks resulted in similar improvements in total 
abdominal subcutaneous fat, and glycemic status in older women with type 2 diabetes; however, exer-
cise was necessary for abdominal visceral fat loss. In healthy persons, exercise reduced abdominal fat 
 (50–  53) , with some data suggesting a preferential loss of visceral fat  (46,   51,   53) . In a randomized 
controlled trial involving obese, sedentary, postmenopausal women aged 50–75 years, exercisers 
showed significant differences from controls in baseline to 12-month changes in body weight, total 
body fat, intra-abdominal, and subcutaneous abdominal fat  (53) . Of note, a dose response for greater 
body fat loss was observed with increasing duration of exercise. Conversely, a review of exercise and 
changes in body composition reported that although well-controlled short-term studies suggest a 
dose-response relationship between exercise and abdominal fat loss, there is insufficient evidence of 
such a relationship for long term  (54) . In a 3-month study involving obese men, weight loss induced 
by increased daily physical activity without caloric restriction substantially reduced obesity (particu-
larly abdominal obesity) and insulin resistance  (46) . Among older persons with hypertension, many 
of whom had metabolic syndrome, a 6-month exercise training program was associated with reduc-
tions in total abdominal fat of 12%, abdominal visceral fat of 18%, and abdominal subcutaneous fat 
of 9%, despite a modest 2.2 kg weight loss. Changes in abdominal fatness were the strongest deter-
minants of improvements in metabolic syndrome  (55) . Among diabetics  (56) , aerobic fitness increased 
by 41% and insulin sensitivity by 46% after 2 months of exercise. There was a 48% loss of visceral 
fat and an 18% loss of subcutaneous fat despite no total body weight loss. Among lean and obese men 
with and without diabetes, 13 weeks of supervised exercise, five times per week at a moderate inten-
sity, did not result in a body weight change  (48) . However, significant reductions in total, abdominal 
subcutaneous, and visceral fat were observed in all groups. The reduction in total and abdominal subcu-
taneous fat was not different between groups; however, the reduction in visceral fat was greater in the 
obese and type 2 diabetic groups by comparison to the lean group. A significant increase in total 
skeletal muscle, high-density muscle area, and mean muscle attenuation was observed independent of 
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group. Among men with and without diabetes, a 12-week program of aerobic exercise produced a 
reduction in waist circumference and fasting IL-6 concentrations, suggesting clinically relevant 
improvements in cardiometabolic risk factors despite no change in body weight  (57) .  

  TYPE OF EXERCISE  

 Aerobic exercises entail rhythmic repetitive movements of large muscle groups against small 
resistance. Such activities can be performed for a relatively long time at a low or moderate intensity. 
They include walking, jogging, swimming, cycling, rowing, jumping rope, skating, running, and 
cross-country skiing. These activities increase the demand for oxygen, and the muscles adapt by 
enhanced extraction of oxygen, which is the reason they are called  aerobic activities . Sustained 
slow-movement activity, often involving small muscle groups against high resistance, is known as 
 static activity  or  resistive exercise . Examples are weight lifting, pushups, sit-ups, carrying heavy 
packages, and handgrips. Most activities requiring lifting and straining, such as shoveling, have a 
large static component. 

 Although most studies on the treatment and prevention of obesity have focused mainly on aerobic 
activities, resistance training is a behaviorally feasible alternative for weight control  (58) . As stated 
earlier, aerobic exercise by itself does not typically result in marked reductions in weight loss although 
abdominal fat loss can be substantial. The American Diabetes Association consensus statement on 
physical activity/exercise and type 2 diabetes says that a program of weight control is recommended 
and this should include aerobic exercise and, in the absence of contraindications, should also include 
resistance exercise  (45) . Resting energy expenditure decreases with aging and this decrease is closely 
correlated to losses in skeletal muscle mass  (59) . Exercise training that includes a resistance compo-
nent should also preserve or increase lean body mass. This benefit of resistance training is particularly 
important in older persons since the mechanical stimuli provided by the task of daily living are not 
sufficient to offset the loss of skeletal mass and function with aging  (58) . 

 Resistance exercise increases muscle mass by a minimum of 1–2 kg after a few months duration 
 (60) . Theoretically, a gain of 1 kg in muscle mass should result in an resting energy expenditure 
increase of about 21 kcal/kg of new muscle  (61) . Resistance training studies report resting energy 
expenditure increases in the range of 28–218 kcal/kg of muscle  (62–  65) . Thus, when sustained over 
years or decades, this mode of exercise can make clinically important differences in daily energy 
expenditure. 

 Resistance training can reduce total body fat mass in men  (66,   67)  and women  (66,   68–  70) , inde-
pendent of dietary caloric restriction. Several studies have demonstrated decreases in visceral adipose 
tissue after resistance exercise programs  (66,   67,   70–  72) . 

 Treuth and coworkers assessed body composition in older men using dual energy X-ray absorpti-
ometry  (67)  and in older women using computed tomography  (70)  and observed significant decreases 
in visceral fat following 16 weeks of resistance training. Ross et al.  (71,   72)  used magnetic resonance 
imaging to measure regional fat losses after exercise combined with diet interventions. In their first 
study  (71) , both diet plus aerobic exercise  and  diet plus resistance training elicited similar losses of 
visceral fat that were greater than losses of whole body subcutaneous fat. In a follow-up study  (72)  
they isolated the effects of endurance exercise training and resistance exercise by comparing the 
responses to diet alone and diet combined with each training modality in middle-aged obese men. All 
three groups lost significant amounts of total body fat, and all three groups experienced a significantly 
greater visceral fat loss compared with whole body subcutaneous fat loss. The changes amounted to 
a 40% reduction in visceral fat in the resistance training and diet group, 39% in the endurance training 
and diet group, and a 32% reduction in the diet-only group. 
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 As reviewed by Braith and Stewart  (58) , resistance training plays an important role in glycemic 
control. Muscle contraction increases glucose uptake in skeletal muscle. While aerobic exercise uses 
large muscle groups for long periods of time, resistance training that uses the major muscle groups 
may provide comparable or even greater recruitment of muscle mass during an exercise workout 
session. Although there are little data that resistance training prevents type 2 diabetes, this mode of 
exercise reduces acute insulin responses during oral glucose tolerance testing in healthy persons, 
diabetic men and women, and improves insulin sensitivity in persons with diabetes and insulin resist-
ance. Among older men who were overweight or obese  (73) , participation in aerobic versus resistance 
exercise for 6 months resulted in comparable improvements in glucose metabolism in older men, 
whereas an increase in insulin activation of glycogen synthase occurred only with aerobic exercise. 

 The American College of Sports Medicine has recommended the use of progressive resistance 
training as part of a well-rounded exercise program for individuals with type 2 diabetes  (74) . Similarly, 
in the absence of contraindications, the American Diabetes Association  (45)  also recommends resist-
ance training for those with type 2 diabetes. These recommendations are supported by evidence that 
resistance is an integral component in the therapeutic management of glycemic control in type 2 
diabetics  (75,   76) , particularly if the resistance training is performed in a supervised versus home-based 
program  (77) . Among older men with type 2 diabetes who participated in a 16-week progressive 
resistance training supervised program  (76) , though there was no weight loss, there were reductions 
in visceral and subcutaneous fat, which were accompanied by increased insulin sensitivity and 
decreased fasting blood glucose. 

 Although performing resistance training by itself rather than in combination with aerobic exercise 
appears to contribute to some aspects of improving body composition such as reducing abdominal 
fatness and increasing lean tissue, the available evidence does not support its exclusive use without 
aerobic exercise. Thus, for the overweight or obese individual with type 2 diabetes whose goals 
include weight and fat reduction as well as improved glycemic control, a combined exercise routine 
consisting of both aerobic and resistance remains the primary recommendation for most patients. 
Specific guidelines for patients with type 2 diabetes can be found in Chap. 9, and guidelines for medi-
cal screening for participation in exercise training can be found in Chap. 12.  

  SUMMARY  

 Being overweight or obese and physical inactivity markedly increases the risk of developing 
cardiovascular and other complications in persons with type 2 diabetes. Growing evidence highlights 
the particularly adverse effect of having abdominal obesity on cardiometabolic health. There is also 
an increasing prevalence of NAFLD, which also contributes to increased cardiometabolic risk among 
diabetics. Many studies show that increasing levels of physical activity and participation in exercise 
training programs contribute to weight reduction, along with dietary interventions. However, inde-
pendent of total body weight loss, exercise reduces abdominal obesity, and along with the concomi-
tant benefits on multiple cardiometabolic risk factors such as hypertension, insulin resistance, 
hyperlipidemia, among others, plays a central role in reducing the complications of diabetes. There is 
some but not entirely conclusive evidence, mainly because of the lack of randomized, controlled trials 
showing that exercise also reduces hepatic fat. Although exercise has been widely recognized as an 
important component of the overall medical management for type 2 diabetes, its benefits go beyond 
the established benefits on fitness levels. The evidence as discussed in this chapter clearly notes the 
benefits of exercise on favorable alterations in body composition, which can occur independent of 
weight change. The resulting reduction in regional fat depots is an especially important result of regu-
lar physical activity. For most individuals with diabetes, participation in both aerobic and resistance 
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exercise is recommended to maximize benefits on body composition. These benefits consist of reduc-
tion in fat and increase in lean mass.      
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  Abstract 

 While uncomplicated type 2 diabetes mellitus (T2DM) is already associated with an impaired exer-
cise capacity, the presence of other comorbidities appears to further worsen exercise capacity in T2DM. 
Common diabetic comorbidities such as hypertension, arterial stiffness, cardiovascular disease, systolic 
dysfunction, diastolic dysfunction, and diabetic nephropathy are all associated with worse exercise capac-
ity in T2DM. Benefits of exercise training programs for those with T2DM and certain comorbidities 
(e.g., hypertension, increased arterial stiffness, or post-myocardial infarction) have been shown to include 
improved exercise capacity. Further study is warranted to determine the specific benefits and risks of 
exercise training in subpopulations of T2DM such as those with T2DM and either congestive heart failure 
or microvascular complications of diabetes.  

 Key words:   Diabetes mellitus; Exercise capacity; Hypertension; Arterial stiffness; Cardiovascular disease; 
Diabetic microvascular complications .

  INTRODUCTION     

 People with type 2 diabetes mellitus (T2DM), even when uncomplicated, have been shown to have 
decreased exercise capacity when compared with age and weight-matched nondiabetic subjects  (1–  4)  
as detailed in Chap. 1 of this book. In the presence of diabetic comorbidities, such as nephropathy or 
retinopathy, maximal exercise capacity is further reduced  (5) . Since the prevalence of comorbidities 
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is relatively high in the diabetic population (Table  1 )), the impact of comorbidities on exercise 
performance is of major concern. Since exercise has a central therapeutic role in diabetes, it is important 
to recognize how differences in exercise physiology in the presence of diabetic comorbidities may 
impact upon exercise recommendations to this population. This chapter will describe the exercise 
abnormalities correlated with the common diabetic comorbidities of hypertension, arterial stiffness, 
congestive heart failure (CHF, including systolic and diastolic dysfunction), as well as macrovascular 
and microvascular disease. Certainly, many diabetics with complications will have more than one of 
these entities simultaneously, but the changes in exercise physiology attendant to these comorbidities 
will be addressed individually. 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 subjects 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 diabetes. Subjects with 
T1DM have been shown in two small studies to have no exercise impairment (as assessed by maximal 
exercise capacity) in comparison with similarly active nondiabetic controls matched for age, sex, and 
body weight  (15,   16) . However, exercise impairment has been shown in subjects with uncomplicated 
T2DM and will be briefly discussed. 

 Despite a lack of microvascular or macrovascular complications, subjects with T2DM have ~20% 
worse maximal exercise capacity when compared with control subjects  (1–  4) . This impairment 
appears to be caused by slowed oxygen delivery to working muscles of both “central” (cardiac) and 
“peripheral” (exercising muscle) origins. The peripheral causes of decreased exercise capacity may 
include endothelial dysfunction (precluding appropriate vasodilation to increase perfusion of exercis-
ing muscle), decreased oxygen diffusion, or decreased oxygen extraction  (17) . The central causes may 
include endothelial dysfunction [precluding appropriate vasodilation of coronary arteries in response 
to increased myocardial workload  (17) ], decreased cardiac output during exercise  (18) , and exercise-
associated impaired left ventricular function  (19) . Exercise-associated impaired left ventricular func-
tion (also termed “diabetic cardiomyopathy”) 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.  

 Table 1 
  Prevalence of Selected Comorbidities in People with T2DM  

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

 T2DM  39–71 a–c   11.8 d   27–55 e,f   1.2–12.5 g   7–30 h   3–27 i  

  T2DM  type 2 diabetes mellitus,  HTN  hypertension,  CHF  congestive heart failure,  CAD  coronary artery disease,  PAD  periph-
eral arterial disease 
  a  Albright et al. 1995  (6)  
  b  Geiss et al. 2002  (7)  
  c  HDS I 1993  (8)  
  d  Nichols et al. 2001  (9)  
  e  Anand et al.  (10)  
  f  Fein S.  (11)  
  g  Adler et al. 2002  (12)  
  h  Adler et al. 2003  (13)  
  i  Brown et al. 2003  (14)  
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  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% 
 (6–  8)  and arterial stiffness has been shown to be 13% higher in subjects with T2DM than nondiabetics 
 (20) . This section will review how hypertension and arterial stiffness impair exercise performance in 
diabetes, the methods by which routine exercise training can remediate these deficits, and the attendant 
benefits to exercise in diabetics beyond improving exercise performance. 

  Effects of Hypertension on Exercise Performance in DM 
 The addition of hypertension to diabetes has been shown to decrease exercise capacity. One small 

Austrian study showed a significantly decreased maximal oxygen consumption (VO 
2
max ) in eight 

subjects with T2DM and hypertension when compared with six normotensive T2DM subjects, eight 
nondiabetic hypertensive subjects, and eight age, sex, and body mass index (BMI)-matched controls 
( p  < 0.01 vs. normotensive T2DM, nondiabetic hypertensives, and controls)  (21) . Babalola et al. 
showed a tendency toward a lower exercise time in diabetic hypertensives (289 ± 110 s) compared 
with diabetics without hypertension (321 ± 119 s), hypertensives who did not have diabetes (309 ± 73 s), 
and healthy controls (490 ± 156 s) using a modified Bruce protocol treadmill test  (22) . This study 
lacked sample size to differentiate between the diabetic and diabetic-hypertensive groups. However, 
there was a statistically significant difference in exercise duration between the four groups ( p  < 0.05), 
and a rank-order trend suggested the worst exercise capacity (as measured by maximal exercise time) 
was in the diabetic-hypertensive group.  

  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 reasons. First, it is known that the sympathetic nervous 
system is already more active in resting subjects with diabetes or hypertension than in nondiabetic or 
nonhypertensive subjects  (23–  26) . This raises the question how that elevated baseline activity will 
impact sympathetic activity with exercise. Second, it is known that exercise induces an increase in 
sympathetic nervous system activity and catecholamine release in all subjects, but that during exercise 
there are feedback mechanisms, which further mediate sympathoadrenal activity levels  (27) . Since 
catecholamines induce lipolysis, the insulin resistance-induced impairment of lipolysis in adipocytes 
is one such diabetic maladaptation, which may result in positive feedback to the sympathoadrenal axis 
during exercise  (28) . 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. Third, it is of clinical interest to know that catecholamine levels become higher 
with exercise in diabetic hypertensives than in diabetic nonhypertensive individuals 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 compensatory adaptation or a mala-
daptive response due to abnormal metabolic and circulatory factors. 

 Sympathoadrenal overactivity has been demonstrated 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 hypertension, 
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T2DM without hypertension, hypertension without T2DM, and control subjects  (21) . Each subject 
performed a stationary bicycling exercise for 15 min with 5-min incremental workload steps of 25%, 
50%, and 75% of individually measured VO 

2
 max. Blood pressure and plasma catecholamine meas-

urements were obtained 10 min prior to exercise, then at each 5-min workload, and at timed intervals 
during recovery. This study showed greater exercise-induced unconjugated normetanephrine levels in 
the hypertensive T2DM subjects as compared with their age, sex, and BMI-matched controls (2,156 
± 373 pg/ml/min vs. 1,133 ± 180 pg/ml/min,  p  = 0.04) with no change in the normotensive T2DM or 
nondiabetic hypertensive subjects as compared with controls  (21) . At baseline, unconjugated metane-
phrines 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 VO 

2
 max in the T2DM 

hypertensives than in the other groups ( p  < 0.01 vs. normotensive T2DM, nondiabetic hypertensives, 
and controls), no tests of correlation were performed 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 function in 
hypertensive T2DM  (21) . Previous studies have found that subjects with excessive sympathoadrenal 
activity had elevated noradrenaline levels during exercise testing but not at baseline  (29,   30) . It is not 
yet certain if the elevated catecholamine response to exercise is due to sympathoadrenal overactivity 
or to a greater catecholamine response requirement  (31)  to maintain cardiac output and glucose homeo-
stasis with exercise. Again, this suggests further 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 an ubiquitous endpoint of many disease processes. Not only diabetes but also arterial hypertension, 
hyperlipidemia, CHF, and chronic uremia have all been shown to lead to decreased elasticity in large 
arteries  (32) . 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 levels, 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  (20) . 

 Increased arterial stiffness results from three general types of changes to arterial structure and func-
tion  (32) . Structural arterial changes include smooth muscle cell hypertrophy, increased collagen 
matrix deposits, and abnormal proteoglycan metabolism  (32) . Functional abnormalities such as 
endothelial dysfunction and abnormal vasa vasorum microcirculation also increase arterial wall stiff-
ness  (32) . Finally, increased permeability of vessel walls leads to disruption of the interstitial matrix 
 (32) . Thus, arterial stiffness results from a combination of structural and functional processes. 

 The degree of arterial stiffness observed is determined by the timing and magnitude of reflected 
waves from the peripheral vasculature as well as the cardiac output and central arterial vascular resist-
ance  (33,   34) . Noninvasive measurements of arterial stiffness include: pulse pressure, pulse pressure/
stroke volume, augmentation index, pulse wave velocity, and ultrasound stiffness index  β . For each of 
these metrics, higher measurements 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  (35) . Though a 
paucity of data exist to compare the utility of lowering arterial stiffness versus treating blood pressure 
with regard to morbidity, a large randomized controlled trial illustrated that improved arterial stiffness 
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between groups correlated with better cardiovascular outcomes (decreased cardiovascular events/
procedures and/or decreased renal impairment) despite equivalent blood pressures between the 
amlodipine and atenolol-based regimens  (36) . This illustrates that although arterial stiffness is related 
to hypertension, vascular compliance may have additional physiologic relevance beyond hyperten-
sion. The next section will review the implications of arterial stiffness upon exercise performance in 
subjects with T2DM.  

  Effects of Arterial Stiffness on Exercise Performance in DM 
 Increased arterial stiffness in diabetes causes abnormalities in the vascular circulation with exercise 

in subjects with T1DM and T2DM. Arterial stiffness (as measured by ultrasound with stiffness “ β ”) 
independently predicted decreased peripheral circulation to the foot during exercise (as measured by 
the well-validated transcutaneous oxygen tension index  (37–  39)  in Japanese subjects with T2DM and 
normal peripheral circulation [ankle-brachial index (ABI) > 0.9]  (40) . This study is the only one to date 
to examine arterial stiffness and circulation in T2DM subjects, but other studies have examined this in 
the T1DM population. Subjects with T1DM maintained a higher peripheral vascular resistance during 
bicycle ergometry as compared with control subjects ( p  < 0.01) with an associated greater rise in diasto-
lic blood pressure ( p  < 0.01, T1DM vs. controls)  (41) . Other studies have also confirmed an exaggerated 
diastolic blood pressure rise with exercise in T1DM subjects versus controls  (42,   43) . In T1DM ado-
lescents 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  (43) .  

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

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

 In older nondiabetic individuals with mild to moderate hypertension, exercise training for 7 months 
reduced systolic blood pressure as well as decreased left ventricular mass  (47) , both of which have 
been shown to reduce mortality and cardiovascular morbidity  (48–  53) . To our knowledge, there has 
only been one randomized-controlled trial of exercise training in human subjects with both diabetes 
mellitus (DM) and hypertension  (54) . This trial aimed to provide consensus guidelines to enable 
improved control of glucose levels, blood pressure, and lipid levels in an “intensively treated” group 
with uncontrolled T2DM (HbA1c > 8%) vs. a comparable T2DM control group receiving “usual 
care”  (54) . Over 85% of both study groups had comorbid hypertension with a similar degree of hyper-
tensive control at baseline  (54) . The exercise intervention consisted of a recommended aerobic exercise 
bicycling regimen as well as resistance exercises with elastic exercise bands. The exercise training 
frequency (three to five times per week), duration (45–55 min), and intensity (50–80% of maximal 
heart rate) were adjusted for each subject based on their baseline exercise test performance and were 
increased over the course of the study. The control group did not receive the exercise intervention. 
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  (54) . There was no 
increase in the use of antihypertensive agents from baseline in either the intervention or the control 
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groups, but yet there was a significant 12-month improvement in the intervention group’s mean blood 
pressure from 144/85 to 130/76 ( p  < 0.005)  (54) . It is implied that, in the absence of prescription 
antihypertensive medication changes, the exercise regimen led to this blood pressure improvement 
 (54) . More convincingly, 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 pressure 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)  (54) . The benefits 
of consistent exercise during the trial (mean blood pressure decrease of 14/9 mmHg) are confirmed 
by the worsened blood pressure when exercise compliance declined. 

 The impact of exercise training on arterial stiffness has also been examined in both rats and humans 
 (55,   56) . Diabetic rats that performed 16 weeks of regular exercise on running wheels had better 
measures of left ventricular stiffness as compared with sedentary diabetic control rats ( p  < 0.01)  (55)  
The authors hypothesized that the improved myocardial compliance was due to a change in functional 
wall properties because markers of increased structural rigidity (e.g., myocardial hydroxyproline 
concentration, advanced glycation end product fluorescence) were not different between groups  (55) . 
In a cohort of 23 human subjects with T2DM, 3 weeks of moderate exercise training for all subjects 
resulted in lessened arterial stiffness (as measured by ultrasound stiffness index  β ) at the carotid 
( p  = 0.020) and femoral ( p  < 0.001) arteries  (56) . In this study, improved insulin resistance resulting 
from exercise training correlated with decreased arterial stiffness at the carotid ( p  = 0.040) and femoral 
artery ( p  = 0.016)  (56) . In contrast, despite increasing VO 

2
 max, another small crossover human study 

did not show an improvement in arterial stiffness or blood pressure after 8 weeks of bicycle exercise 
training (thrice weekly at 60% maximum heart rate) in five men and women with T2DM and isolated 
systolic hypertension  (57) . 

 In summary, hypertension and arterial stiffness are related abnormal pathophysiological processes 
which are prevalent in diabetes. Arterial stiffness is a much newer physiologic measurement than 
hypertension, and so the clinical consequences of its presence and treatment are generally less well-
known than that of hypertension. Comorbid hypertension has been shown to impair exercise capacity 
and increase catecholamine release with exercise in subjects with T2DM. Arterial stiffness has been 
correlated with decreased peripheral muscle perfusion during exercise in T2DM persons with normal 
peripheral circulation as well as increased peripheral vascular resistance with exercise in T1DM. In the 
majority 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-hyper-
tensive subjects and lack of harmful side effects with appropriate prescreening of subjects is encourag-
ing enough to recommend exercise routinely to patients with DM and comorbid hypertension.   

  CONGESTIVE HEART FAILURE  

 This section is divided into two parts. The first describes the prevalence and relevance of diastolic 
dysfunction in T2DM and how CHF due to diabetic diastolic dysfunction affects exercise capacity. 
The second section focuses on how CHF due to systolic dysfunction impairs exercise capacity. 

  Effects of Impaired Diastolic Dysfunction on Exercise Performance in T2DM 
 In 1972, Rubler et al. described four diabetic subjects with CHF despite normal coronary arteries 

and no convincing etiology for their cardiomyopathy  (58) . Further recognition of “diabetic cardiomy-
opathy” followed, with prevalence rate estimates of diastolic dysfunction in diabetic subjects ranging 
from 30% in studies using conventional echocardiography  (59–  61)  to 52–60% with more detailed 
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Doppler echocardiograms using Valsalva maneuvers and pulmonary venous recordings  (62,   63) . 
Some studies have shown that diastolic dysfunction is already present with 30% prevalence even early 
after the time of T2DM diagnosis  (59,   60) . Since its discovery three decades ago, greater understand-
ing has developed as to the characteristics and causes of diabetic cardiomyopathy, though it is still 
incompletely understood. Current theory holds that diabetic cardiomyopathy is caused by hyperglyc-
emia-induced myocardial fibrosis due to a variety of factors at the myocardial level which may 
include increased oxidative stress, endothelial dysfunction, advanced glycation end products, acti-
vated protein kinase C- β , and elevated free fatty acids  (64) . Physiologically, diastolic dysfunction is 
a cardinal feature of the diabetic cardiomyopathy  (64–  66) . 

 Diastolic dysfunction is usually asymptomatic unless accompanied by other comorbidities  (64) . 
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  (65,   66) . 
Several studies have shown that asymptomatic subjects with T2DM and diastolic dysfunction still 
remain at higher risk to develop CHF  (64,   66)  and also appear to have lower exercise capacity than 
diabetic subjects without diastolic dysfunction  (67–  69) . 

 Four studies to date have correlated diastolic dysfunction with exercise impairment. Poirier et al., 
showed worse maximal exercise treadmill performance in men with well-controlled uncomplicated 
T2DM and diastolic dysfunction ( n  = 10) as compared with age, weight, and clinically matched 
T2DM controls without diastolic dysfunction ( n  = 9)  (19) . In this study, the diabetics with resting 
diastolic dysfunction had a decreased duration of exercise time on a modified Bruce protocol (662 s 
vs. 803 s,  p  < 0.02) and decreased metabolic equivalents (“METs”) of 11.4 vs. 9.5 METs ( p  < 0.02) 
 (19) . A correlation was also seen between the  E  

m
 / A  

m
  ratio (echocardiographic marker of diastolic 

dysfunction as defined by the ratio of early and late mitral valve wave-filling velocities) and exercise 
duration ( r  = 0.64,  p  = 0.004) and METs ( r  = 0.66,  p  = 0.003)  (19) . A group of both T1DM and T2DM 
subjects (69.6% T2DM) performed symptom-limited Bruce protocol exercise tests. In this study, 
exercise performance in METs was lower in the diabetics with diastolic dysfunction versus diabetics 
without diastolic dysfunction (8.56 vs 10.32 METs,  p  < 0.05)  (68) . Irace et al. performed ergometer 
exercise stress tests in 38 subjects with T2DM and compared the presence of diastolic dysfunction in 
the subjects with a symptom-limited stress test (prior to reaching maximal predicted heart rate) versus 
the subjects who completed ergometer tests to maximal predicted heart rate  (69) . The 24 T2DM 
subjects with symptom-limited ergometer exercise stress tests had a correlation between decreased 
diastolic function and exercise duration  (69) . 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  (69) . In comparing 170 
subjects with T2DM and normal exercise capacity ( n  = 52) or abnormal exercise capacity ( n  = 118), 
Fang et al. showed that preserved diastolic function (as defined by maximal early mitral valve wave 
filling velocity =  E  

m
 ) was correlated with better maximal exercise treadmill capacity ( r  = 0.43, 

 p  < 0.001) and remained an independent predictor of exercise capacity after multivariate analysis 
( p  < 0.05)  (70) . In summary, diastolic dysfunction has been repeatedly correlated to decreased exercise 
capacity in T2DM. 

 Though diastolic dysfunction is certainly a cardinal feature of “diabetic cardiomyopathy,” some 
evidence is mounting that a subclinical depression of systolic function may also be present in some 
diabetics. Despite maintaining categorically “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 that subjects with well-controlled, recent onset T2DM (3.9-year mean duration of 
diabetes) have lower ejection fractions both at rest (57% vs 67%,  p  < 0.001) and during exercise (64% 
vs. 72%,  p  < 0.001) than age, gender, and BMI-matched control subjects  (71) . Amongst the T2DM 
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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)  (71) . 

 No studies to date have examined the impact of exercise training in diabetes upon diastolic 
dysfunction. However, two studies have shown improvement in diastolic filling after exercise training 
in nondiabetic subjects with diastolic dysfunction  (72,   73) , providing plausibility that training may 
work in diabetics, as well.  

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

 CHF due to systolic cardiomyopathy has an estimated prevalence of 11.8% in T2DM  (9) . Several 
studies have shown that diabetes in conjunction with systolic cardiomyopathy (T2DM–CHF) leads to 
worse exercise performance even when compared to subjects with CHF due to systolic cardiomyopa-
thy alone. In 20 subjects with tightly controlled T2DM (HbA1c < 7%) and moderate CHF symptoms, 
peak exercise performance yielded a VO 

2
 max nearly 20% less than nondiabetic age and gender-

matched subjects with moderate CHF (left ventricular ejection fraction, LVEF < 40%)  (74) . 
Multivariate linear regression further determined that the strongest predictor of VO 

2
 max in the 

DM-CHF subjects was alveolar-capillary membrane conductance [which determines the diffusing 
capacity of the lung (DL 

CO
 ) along with pulmonary capillary blood volume]. The authors suggested 

that the T2DM–CHF subjects may have a pulmonary angiopathy which allows leakage across the 
alveolar-capillary membrane as exercise raises the capillary pulmonary pressure  (74) . Tibb et al. 
found a 30% reduction in VO 

2
 max in 78 subjects with systolic cardiomyopathy (defined by LVEF 

< 40%) and comorbid T2DM as compared with 78 similarly sedentary age and gender-matched con-
trols (Fig.  1 )  (75) . Ingle et al. showed that 6-min walk distances are impaired in subjects with T2DM–CHF 

  Fig. 1.    Individual peak oxygen uptake ( VO  
 2 
  peak ) in diabetic ( DM ) and nondiabetic ( N-DM ) patients with chronic 

heart failure due to left ventricular systolic dysfunction. Mean VO
2
peak is significantly lower in DM than in N-DM 

patients. Reprinted from Tibb et al.  (75) , with permission from American College of Cardiology Foundation.       
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as compared with age and gender-matched nondiabetic CHF patients (238 m vs. 296 m,  p  = 0.005) 
 (76) . In both the Tibb and Ingle studies  (75,   76) , there was a higher prevalence of coronary artery 
disease (CAD) in the T2DM subjects, but the Ingle study performed a subanalysis matching only 
subjects with CAD and the walking distance remained statistically impaired (231 m vs. 283 m, 
 p  = 0.001)  (76) . Prevalence of angiotension-converting 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 subjects 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 myocardium in 
animals  (77,   78) , and to increase resting left ventricular ejection fraction in normal human subjects 
(54% vs. 47%,  p  < 0.01)  (79) . When an insulin-dextrose infusion was administered 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  (71) . In the nondiabetic subjects given 
insulin-dextrose, the LVEF rose with exercise but not at baseline  (71) . The exact physiologic 
mechanisms whereby insulin is able to increase LVEF without provoking hypoglycemia are still 
uncertain. 

 One study has shown that insulin administration may improve maximal exercise capacity in 
T2DM–CHF subjects by other mechanisms than increased LVEF. Guazzi postulated that insulin 
administration may improve exercise capacity in T2DM–CHF subjects in part by ameliorating 
pulmonary angiopathy, and, therefore, looked at the impact of insulin therapy on VO 

2
 max and alveolar-

capillary membrane diffusing capacity (DL 
CO

 ) in T2DM–CHF subjects  (80) . Using a parallel crossover 
design with subjects acting as their own controls, they found administration of insulin improved 
VO 

2
 max by 13.5% ( p  < 0.01) and improved ventilatory efficiency (slope of ventilation/carbon dioxide 

production decreased by 18%,  p  < 0.01)  (80) . Changes in both VO 
2
 max and ventilatory efficiency 

after insulin administration correlated strongly with a better alveolar-capillary membrane diffusing 
capacity ( r  = 0.67,  p  = 0.002 for VO 

2
 max and DL 

CO
 ,  r  = −0.73,  p  < 0.001 for ventilatory efficiency 

and DL 
CO

 )  (80) . 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  (80) . The changes from insulin were not due to glycemic 
changes (dextrose counter-infusions maintained glucose homeostasis) or from a change in ejection 
fraction in these subjects  (80) . In summary, 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 angiopathy and seemingly without any changes in glycemic control or ejection fraction. 
However, it is unlikely that insulin would be utilized clinically to increase exercise capacity alone, as 
its side effect profile creates an unfavorable risk-benefit ratio. 

 Rigorous studies have not been performed to look at the physiologic impact of exercise training in 
subjects with T2DM and systolic cardiomyopathy  (81) .   

  MACROVASCULAR DISEASE  

  Impairment of Exercise Performance in Diabetes Mellitus with Comorbid 
Coronary Artery Disease 

 The incidence of CAD in subjects with DM (both type 1 and type 2) is – two to three times 
increased over that of the general population  (82–  84)  and diabetics’ mortality following acute 
myocardial infarction (MI) is double that of nondiabetic controls similar in age  (84,   85) . Importantly, 
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it has been shown that post-MI subjects with greater peak VO 
2
 max levels achieved through cardiac 

rehabilitation have lower cardiovascular mortality and morbidity  (86,   87) . Given the above data, this 
section will review the impact of DM (which generally lowers maximal exercise capacity) on VO 

2
 max 

in post-MI subjects with and without cardiac rehabilitation. 
 The limited studies available have differed on whether T2DM impairs maximal exercise capacity 

in post-MI subjects (without cardiac rehabilitation) as compared with nondiabetic post-MI subjects 
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  (88) . However, another 
study found no difference in exercise capacity (without cardiac rehabilitation) 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) 
 (89) . Izawa et al. found an impaired chronotropic response to exercise which correlated with 
impaired VO 

2
 max in post-MI subjects with diabetes as compared with the nondiabetic post-MI 

controls  (88) . The chronotropic response to exercise was measured by the change in heart rate from 
baseline to peak exercise (delta heart rate (HR)) divided by the change in serum norepinephrine 
concentration (delta norepinephrine (NE)) from baseline to peak exercise (delta HR/delta NE   ). This 
ratio of delta HR/delta NE has been shown by Colucci et al. to inversely correspond to impaired 
VO 

2
 max in nondiabetic subjects with systolic cardiomyopathy  (90) . The data from Colucci et al. in 

nondiabetics with CHF also suggested their chronotropic inhibition results from postsynaptic beta-
adrenergic desensitization. Apart from lowering VO 

2
 max, an inhibited chronotropic response has 

been shown elsewhere to predict cardiovascular events within a T2DM cohort  (91) . In the study by 
Izawa et al., other possible predictors of an impaired VO 

2
 max besides impaired sympathetic respon-

siveness were not analyzed, but the groups had no significant differences in age, BMI, ejection 
fraction, extent and location of infarction, or medication usage (beta blockers were exclusion crite-
ria and subjects were matched for angiotension-converting enzyme, nitrate, and calcium-channel 
blocker use). The subjects with T2DM were well controlled with an average HbA1c of 6.9%, and 
only one subject required insulin therapy. Given the small sample sizes of the two studies looking 
at this issue and their discordant results, more studies are needed to determine if there are differ-
ences in exercise capacity caused by diabetes added to post-MI status. 

 Exercise rehabilitation has been shown to improve mortality in post-MI patients by 20%  (92,   93) , 
but benefits may be attenuated in T2DM subjects whose exercise training response appears inhibited. 
A cohort of 59 T2DM subjects and 36 well-matched nondiabetic subjects were followed after a 
cardiac rehabilitation program performed for indications of acute MI or unstable angina in the month 
prior to enrollment  (89) . At study entry, the two groups showed no difference in their VO 

2
 max or 

duration of exercise on a maximal exercise test (graded bicycle ergometer)  (89) . Both groups then 
compliantly participated in a 2-month cardiac rehabilitation program consisting of three 1-h moderate 
exercise training sessions per week. The maximal stress test was repeated at completion of the reha-
bilitation program. The T2DM group did show improvement with the cardiac rehabilitation program, 
including an increased VO 

2
 max of 13% from study entry, but their improvement was drastically 

attenuated as compared with the nondiabetic subjects  (89) . Despite no difference between groups 
VO 

2
 max at study entry, at completion of the study the nondiabetic subjects had a higher VO 

2
 max (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 min vs. 11.8 min,  p  = 0.017) than the subjects with T2DM  (89) . Linear regression was 
performed to determine predictors of change in VO 

2
 max in the T2DM group. This analysis showed 

that the change in VO 
2
 max was independently associated with fasting blood glucose ( p  = 0.001) and 

a trend toward association with BMI ( p  = 0.056), but was not associated with age, insulin resistance 
(determined by HOMA), duration of DM, microalbuminuria, left ventricular ejection fraction, or 
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insulin therapy  (89) . To our knowledge, no other studies have been performed looking specifically at 
differences in exercise response to cardiac rehabilitation between post-MI subjects with and without 
DM. No studies to date have compared mortality after cardiac rehabilitation in post-MI nondiabetic 
subjects versus those with T2DM. 

 In summary, data are insufficient to clearly determine if diabetic subjects post-MI have an impaired 
maximal exercise capacity prior to cardiac rehabilitation as compared to similar nondiabetic post-MI 
individuals. Any true differences may be mediated by an impaired chronotropic response normalized 
for the degree of sympathetic activity (delta HR/delta NE). After standard cardiac rehabilitation, the 
limited data in T2DM post-MI subjects show less improvement in exercise capacity as compared to 
nondiabetic post-MI subjects. Fasting glucose levels were the best predictor of improved exercise 
capacity after cardiac rehabilitation in T2DM post-MI subjects. More study is warranted to determine 
the impact of exercise training on outcomes such as mortality and cardiovascular morbidity in subjects 
with T2DM and comorbid CAD.  

  Impairment of Exercise Performance in Diabetes Mellitus with Comorbid 
Peripheral Arterial Disease 

 DM is a strong risk factor for the development of peripheral arterial disease (PAD). The cumulative 
incidence of PAD was 11% over 18 years following T2DM diagnosis in the United Kingdom 
Prospective Diabetes Study (UKPDS) cohort (Fig.  2 ))  (12) . In the UKPDS study, a multivariate model 
examined the relative contributions of different risks for PAD in this diabetic cohort, and the strongest 
predictors were cardiovascular disease and current smoking which both ascribed threefold odds of 
PAD. Lesser, but distinct risk, was ascribed to worse glycemic control, higher systolic blood pressure, 
and lower high-density lipoprotein (HDL) levels.  

 There are conflicting results in the small studies to date comparing exercise capacity in subjects 
with PAD and comorbid DM to nondiabetic PAD subjects  (94–  97) . Oka et al. found a decreased 
maximal walking distance (279 m vs. 461 m,  p  = 0.01), and decreased distance to onset of claudica-
tion (127 m vs. 187 m,  p  = 0.01) in patients with DM and PAD as compared with PAD alone  (95) . 
Both groups were well-matched for ABI, cholesterol, and systolic blood pressure levels and had 
similar prevalence of known CAD  (95) . Similarly, Dolan et al. showed DM subjects with PAD had 
a shorter 6-min walk distance (1,040 ft vs. 1,168 ft,  p  < 0.001) and slower walking velocity (0.83 
m/s vs. 0.90 m/s,  p  < 0.001) despite age adjustment between groups and similar baseline ABI and 
physical activity levels  (94) . A multivariate linear regression model in this study found diabetes-
associated neuropathy, greater exertional leg symptomatology, and greater comorbid cardiovascular 
disease to be predictive of the worsened exercise capacity in the diabetic group  (94) . In Dolan et al.’s 

  Fig. 2.    Prevalence of peripheral arterial disease at diagnosis and at 3-year 
intervals over 18 years. Prevalence reported as mean with 95% confidence 
intervals as error bars. Peripheral arterial disease defined as any two of 
the following: ankle brachial index <0.8, absence of both dorsalis pedis 
and posterior tibial pulses to palpation in at least one leg, intermittent clau-
dication. Reproduced with permission from Adler et al.  (12) .       
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study, there was a greater BMI in the diabetic subjects as compared to the nondiabetic subjects  (94) . 
However, in subjects with a comparable BMI, ABI, and blood pressure levels, Katzel et al. found 
no difference in either age-adjusted VO 

2
 max or onset of claudication time between 47 diabetic and 

72 nondiabetic subjects with PAD (1.16 L/min in diabetics vs. 1.12 L/min in nondiabetics)  (96) . 
Green et al. furthered the concept of BMI as an explanatory variable of exercise performance  (97) . 
In their study, there was a significant difference in maximal exercise time between 12 T2DM PAD 
subjects and 12 age- and gender-matched leaner nondiabetic PAD subjects, but no difference 
between maximal walking time between the 12 T2DM PAD subjects and 7 nondiabetic subjects 
matched for BMI (median 845 s T2DM, 915 s “heavy” nondiabetics, 1,448 s “leaner” nondiabetics) 
 (97) . No difference was found between the three groups for pain-free exercise time, maximum 
cycling time, or VO 

2
 max, although trends toward significance were seen in the latter two parame-

ters for “leaner” nondiabetics versus both T2DM and “heavy” nondiabetics. Maximal walking time 
was significantly negatively correlated with BMI ( r  = −0.38,  p  < 0.05) as well as with the VO 

2
  time 

constant, tau ( r  = −0.49,  p  > 0.05). The time constant, tau, reflects the rapidity with which VO 
2
  

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]  (97) . The longer tau in T2DM and its inverse correlation with maximal walking time 
suggests 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 exercise capacity in the “heavy” control group  (97) . 
Thus, current limited evidence suggests a greater BMI and longer VO 

2
  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 exer-
cise rehabilitation program with therapeutic modality of walking to near-maximal claudication pain 
over 6 months  (98) . It has been recommended that subjects with PAD and comorbid conditions that 
limit weight-bearing exercise consider low-impact activities, such as stationary bicycling or aquatic 
exercise, although improvements in walking may be less  (6,   99) . 

 Data are lacking on the impact of exercise training on exercise capacity in subjects with DM and 
comorbid PAD; only limited subgroup analyses have been made to date. Sanderson et al. studied 42 
subjects with PAD, 33% of whom had diabetes, and randomized the subjects (stratified for age, 
gender, and DM2) to 6 weeks of treadmill exercise training at 80% of subject’s VO 

2
 max ( n  = 13), 

6 weeks of bicycle exercise training at 80% of subject’s VO 
2
 max ( n  = 15), or no exercise therapy. Both 

the treadmill exercise training and cycling training regimens improved VO 
2
 max in this study  (99) . The 

treadmill training regimen increased the mean duration of walking exercise time (mean increase 240 s, 
 p  < 0.05), and this change in walking time was significantly correlated with the training-induced 
improvement in peak VO 

2
  ( r  = 0.77,  p  < 0.05) and change in peak heart rate ( r  = 0.54,  p  < 0.05)  (99) . 

The bicycling regimen of exercise training increased mean cycling time by 93 s, but this change was 
not correlated with other measured parameters  (99) . A subgroup analysis showed more severe pain in 
the symptomatic limb was the only baseline characteristic 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 DM  (100) . 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 
nondiabetic PAD controls.   
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  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 nephropathy and 
retinopathy in T2DM have been reported to range from 7% to 30%  (13)  and from 3% to 27%  (14) , 
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 that 
they may be explicitly associated with increased exercise impairment, and also present simultaneously 
with other abnormalities that impair exercise capacity [e.g., nephropathy in the form of microalbuminu-
ria has been linked with the presence of diastolic dysfunction  (101) ]. This section will review the evi-
dence in the literature that microvascular complications are correlated with exercise impairment.  

  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 subjects and T1DM subjects with either microalbuminuria (30–300 mg/day) 
or macroalbuminuria (>300 mg/day)  (102) . In an earlier nonexercise-related study by this group, resting 
left ventricular function was also found to be impaired in T1DM subjects with microalbuminuria and 
macroalbuminuria as evidenced by greater left-ventricular end-diastolic volume ( p  < 0.05), lower 
stroke volumes ( p  < 0.05), and a trend toward decreased cardiac output ( p  = 0.10 for macroalbuminuric 
subjects and  p  < 0.05 for microalbuminuric subjects)  (103)  The Strong Heart study also showed a 
correlation between the severity of microalbuminuria and the degree of diastolic dysfunction  (101) . 
Lau et al. also showed a decrement in maximal exercise capacity in T2DM subjects with microalbu-
minuria (30–300 mg/day of microalbumin) as compared with normoalbuminuric T2DM subjects 
( p  = 0.015) and nondiabetic control subjects ( p  < 0.001). The authors hypothesized that pulmonary 
microangiopathy and diastolic dysfunction may partially explain this exercise decrement, 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 dioxide production) and a greater frequency 
of diastolic dysfunction that normoalbuminuric T2DM subjects ( p  = 0.013)  (104) . Thus, diabetic neph-
ropathy was clearly correlated with exercise impairment  (102) , and comorbid diastolic dysfunction 
 (101,   103,   104)  as well as pulmonary angiopathy  (104)  may partially explain this 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 associated 
with ESRD  (105) , 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 dialy-
sis, maximal exercise capacity has been shown to be about 60% that of age-matched control subjects 
 (106–  108) . Moderate anemia (hematocrit < 30%) has been shown to lower VO 

2
 max, and is improved 

with erythropoietin administration  (109) . However, other factors which depress exercise capacity are 
felt to be numerous and have not yet been specified  (110) . More intensive hemodialysis sessions (five 
to six nocturnal sessions per week lasting 6–8 h per session) led to significant improvements in 
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VO 
2
 max 3–6 months after the transition from thrice-weekly conventional hemodialysis  (111) . Also, 

1 month after renal transplant, VO 
2
 max showed improvement to nearly that expected for sedentary 

age-matched subjects  (107,   112) . These improvements in VO 
2
 max either from more intensive hemo-

dialysis or after renal transplant occurred despite the absence of any exercise training or significant 
improvements in anemia in these studies  (107,   111,   112) . Such findings further specify that as yet 
undefined factors related to ESRD significantly depress exercise capacity in both diabetic and nondia-
betic subjects with ESRD. 

 Exercise training studies have not been done in the population with diabetes and comorbid renal 
failure. More studies in this population would be of benefit given the debilitating effects of renal 
disease on functional capacity.  

  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 VO 

2
 max in the Appropriate Blood Pressure Control in Diabetes (ABCD) trial 

subjects with T2DM was independently reduced by the presence of diabetic nephropathy ( p  = 0.04) 
and retinopathy ( p  = 0.026)  (5) . Other studies have not explicitly looked at the relationship between 
diabetic retinopathy and exercise capacity or the causes of this abnormality. To our knowledge, no 
studies have explored any potential associations between diabetic neuropathy and exercise capacity.  

  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 outcomes 
with vigorous exercise. Diabetic subjects with active proliferative diabetic retinopathy (PDR) are at 
higher risk for vitreous hemorrhage or retinal detachment  (113) . Subjects with PDR or moderate to 
severe nonproliferative retinopathy are recommended to avoid strenuous exercise, Valsalva maneuvers, 
and jarring activities per the most recent American Diabetes Association (ADA) position statements 
(Table  2 ))  (31,   114) . In addition to retinopathy potentially leading to adverse outcomes, diabetic 
neuropathy and nephropathy also may be hazards.      

 The most recent ADA position statement on DM and exercise suggests that “significant 
peripheral neuropathy is an indication to limit weight-bearing exercise” such as jogging or pro-
longed walking  (114) . This contraindication is motivated by risk to patients of foot ulceration and 
fractures due to their impaired sensation and proprioception. The ADA suggests nonweight-
bearing exercises such as swimming, bicycling, or rowing for affected patients with significant 
neuropathy  (114) . 

 Some experts have discouraged strenuous physical activity in subjects with diabetic nephropathy 
given the propensity for exaggerated blood pressure elevations with high-intensity exercise  (115)  and 
proteinuria  (116–  120)  associated with acute exercise-induced blood pressure excursions  (114) . 
Results have been mixed on whether microalbuminuria increases to a significant degree in subjects 
without baseline nephropathy  (118,   121,   122) . 

 However, the most recent ADA guidelines emphasizes that aerobic exercise training has been 
shown to decrease urinary protein excretion  (123,   124) , and, therefore, recommended no specific 
exercise restrictions for people with diabetic kidney disease. The guidelines do recommend strong 
consideration of exercise stress testing prior to an aerobic exercise program in previously sedentary 
individuals with diabetic kidney disease given their significant prevalence of CAD  (114) . 
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 Separate from safety considerations, high-intensity exercise may be precluded by pain or early 
fatigue from comorbid diabetic neuropathy  (125–  127) , musculoskeletal pain/osteoarthritis  (125, 
  128–  130) , renal osteodystrophy  (131) , or myopathy  (131) , especially in subjects with ESRD  (131) . 

 No studies have looked at the impact of exercise training on the remediation of microvascular 
complications in humans.   

  SPECIAL CASES  

  Exercise Impairment with Diabetes Mellitus and Atrial Fibrillation 
 Subjects with T2DM have been shown to develop atrial fibrillation more often than nondiabetics 

 (132,   133) . The prevalence of comorbid diabetes was recently found to be 23% in a trial of elderly 
subjects with atrial fibrillation  (134) . Physiologically, these two diseases may be linked as cardiovas-
cular abnormalities that predict the development of atrial fibrillation  (132) , and diabetes confers a 
significant risk of cardiovascular morbidity  (82,   135,   136) . 

 One small trial compared the VO 
2
 max 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 fibrillation and diabetes  (137) . This study found no improve-
ment in VO 

2
 max or subject-measured effort of exercise (Borg scale) in subjects with diabetes and 

atrial fibrillation after cardioversion, despite an improvement in VO 
2
 max and subject-measured effort 

of exercise in lone atrial fibrillation and, to a lesser degree, in subjects with hypertension and atrial 
fibrillation. The authors theorized the lack of improvement in diabetes and atrial fibrillation corre-
sponded to the lack of improved endothelial function, as this had improved in both the hypertensive 
and lone atrial fibrillation groups.   

 Table 2 
  Considerations for Activity Limitation in DR  

  Level of DR    Acceptable activities    Discouraged activities  

 No DR  Dictated by medical status  Dictated by medical status 
 Mild NPDR  Dictated by medical status  Dictated by medical status 
 Moderate NPDR  Dictated by medical status  Activities that dramatically elevate blood pressure 

 Power lifting 
 Heavy Valsalva 

 Severe NPDR  Dictated by medical status  Activities that substantially increase systolic blood 
pressure, Valsalva maneuvers, and active jarring 
 Boxing 
 Heavy competitive sports 

 PDR  Low-impact, cardiovascular 
conditioning 

 Strenuous activities, Valsalva maneuvers, pounding, 
or jarring 

 Swimming  Weight lifting 
 Walking  Jogging 
 Low-impact aerobics  High-impact aerobics 
 Stationary cycling  Racquet sports 
 Endurance exercises  Strenuous trumpet playing 

 Reproduced with permission from Zinman et al.  (31)    
DR  diabetic retinopathy,  NPDR  nonproliferative diabetic retinopathy,  PDR  proliferative diabetic retinopathy 
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  SUMMARY  

 There is a high prevalence of hypertension, arterial stiffness, vascular disease, and diastolic and 
systolic dysfunction which deleteriously impact exercise capacity in diabetes. Hypertension and arte-
rial stiffness may both be improved in diabetes by exercise training programs  (54–  56) , and should be 
recommended. Subjects who have suffered an MI and have T2DM have been shown to rehabilitate to 
a lesser degree than nondiabetic post-MI subjects  (89) . Data on the impact of exercise training for 
diabetics with diastolic dysfunction, systolic cardiomyopathy, and peripheral arterial disease are only 
available from subgroup analyses or nondiabetic populations. Since it is recognized that mortality is 
generally lower in the diabetic population with better exercise capacity  (138) , exercise training to 
raise the exercise capacity is worthwhile, at least in theory, in diabetics with all comorbid conditions. 
However, more studies are needed to explicitly clarify the benefits of exercise training in the diabetic 
with diastolic or systolic dysfunction, CAD (without recent MI), or PAD. 

 The presence of diabetic nephropathy has been consistently associated with decreased exercise 
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 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 posi-
tion statement  (114)  should be followed with regards 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 with microvascular disease is also warranted. 

 In summary, exercise training is quite important to treat the metabolic and cardiovascular abnor-
malities associated with T2DM. Clinicians should work to insure that their diabetic patients may 
exercise safely to achieve these goals.      
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Abstract

Exercise prescription for patients with diabetes follows guidelines regarding frequency, intensity, 
duration, and mode of exercise established for patients participating in a medically supervised exercise 
program. Physicians and health care professionals should devise an exercise care plan that maximizes the 
benefits and minimizes the risks for each patient. The distinction between prescribing exercise for patients 
with T1DM and patients with T2DM with and without DRCs is reviewed. The question whether to exer-
cise or not based on hyperglycemia /hypoglycemia is presented. It is highly recommended that health 
care professionals incorporate progressive resistance training and lifestyle-based physical activity into the 
exercise prescription for patients with diabetes. Health care professionals should be knowledgeable about 
diabetic medications to avoid the potential for hypoglycemia associated with exercise.

Key words: Exercise prescription; Progressive resistance training; Lifestyle-based physical activity; Self 
blood glucose monitoring.
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  INTRODUCTION     

 Prescribing exercise for most patients with diabetes is closely aligned with guidelines for appar-
ently healthy persons  (1) . However, exercise recommendations for patients who have diabetes-related 
complications (DRCs) parallel those of patients participating in a medically supervised exercise 
program  (2,   3) . One of the challenges patients with diabetes face is how to comply with complex 
treatment regimens. Health care professionals are in a key position to help monitor and motivate 
patient compliance with medications, diet, and exercise routines. Working closely with the patient’s 
primary care physician or endocrinologist, health care professionals need to consider all aspects of 
this complicated medical condition and devise an exercise recommendation that maximizes the benefits 
and minimizes the risks of exercise in a given patient. In addition to discussing the basic principles of 
exercise prescription for patients with diabetes, this chapter will also cover the following topics:

  •  Distinguishing between the exercise prescription for patients with Type 1 diabetes mellitus (T1DM) and Type 
2 diabetes mellitus (T2DM) with and without DRCs  

 •  Hypoglycemia, hyperglycemia, ketosis, and the importance of self-blood glucose monitoring  
 •  Incorporation of progressive resistance training into the exercise prescription for patients with diabetes  
 •  Lifestyle-based physical activity interventions for patients with diabetes  
 •  Guidelines regarding frequency, intensity, duration, and mode of exercise  
 •  Special considerations to avoid hypoglycemia when using certain medications that are prescribed for manag-

ing diabetes    

 Although food intake and the timing of meals is an important consideration when prescribing exer-
cise for patients with diabetes, this topic will be discussed only briefly in this chapter. For further 
information please refer to Chapter 11.     

  BENEFITS OF REGULAR EXERCISE IN PATIENTS WITH T2DM  

 The benefits of exercise, one of the cornerstones of diabetes therapy, for the patient with T2DM are 
substantial and recent studies strengthen the importance of long-term exercise programs for the treat-
ment and prevention of this common metabolic abnormality and its complications  (4–  7) . The low-cost, 
nonpharmacological nature of physical activity further enhances its therapeutic appeal. Regular exercise 
by patients with T2DM improves glycemic control, reduces the risk for cardiovascular disease (CVD) 
and its complications, improves overall health and wellness, and prevents or delays the onset of 
T2DM in patients prone to the disease  (8–  12)  (Table  1 ).     

 Until recently, T2DM almost entirely had its onset in adulthood but now is increasing in prevalence 
in youth. T2DM is often attributable to obesity and physical inactivity, and is commonly accompanied 
by hypertension, abnormal lipids, and clotting abnormalities. The risk of myocardial infarction is 50% 

 Table 1 
  Key Mechanisms by Which Exercise Contributes 

To Effective Diabetes Management  

 Improved sensitivity to insulin in the peripheral tissues 
 Reduced levels of blood glucose 
 Reduced dosages or need for insulin or oral hypoglycemics 
 Decreased plasma insulin levels 
 Enhanced glucose tolerance 
 Reduced hemoglobin A 

1C
  levels 
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higher in men with diabetes and 150% higher in women with diabetes compared with nondiabetics 
 (13–  15) . The risk of death from cardiovascular causes is doubled in men with diabetes and is four 
times higher in women with diabetes compared with patients without diabetes  (13–  15) . Among 
patients with diabetes, coronary heart disease and stroke are the major causes of morbidity and mortality 
 (16) . Hypertension and peripheral arterial disease are among the major vascular comorbidities of 
T2DM  (15,   16) . The improvement in many of the risk factors for CVD has been linked to a decrease 
in plasma insulin levels and the improved insulin sensitivity associated with exercise  (17) , thereby 
improving glycemic control. Exercise is effective in glucose control because of its insulin-like effect 
that enhances the uptake of glucose even in the presence of insulin deficiency. The role of physical 
activity is of great importance for the management of T2DM because it is the only intervention that 
directly affects cardiorespiratory fitness. This is important because of the strong association between 
higher levels of cardiorespiratory fitness and reduced cardiovascular mortality in people without dia-
betes, even after adjustment for other known risk factors  (18)  (Tables  2  and  3 ).          

  BENEFITS OF LIFESTYLE-BASED PHYSICAL ACTIVITY INTERVENTIONS  

 Few patients with diabetes participate in regular physical activity, and in those who do the level of 
intensity is low     (19,   20) . Findings from the third National Health and Nutrition Examination Survey 
reported that of individuals with T2DM, 31% reported no regular physical activity and another 38% 
reported less than recommended levels of physical activity  (21) . 

 Because long-term adherence to structured endurance exercise programs is problematic for indi-
viduals with T2DM, the focus of those seeking to introduce physical activity interventions has 
recently broadened to include not only structured and supervised fitness classes but also toward life-
style-based physical activity interventions. This approach gives patients confidence that they will 
obtain significant health benefits from less strenuous and less-structured physical activity  (22) . The 
goal is for patients to more easily incorporate this type of physical activity into their daily lives. These 

 Table 2  
  The Role of Exercise in Reducing the Risk for Cardiovascular Disease 

and its Complications  

 Improved functional capacity 
 Improved lipid profile (decrease in triglycerides, VLDL, 

and small dense subclass of LDL-cholesterol; increase in HDL-cholesterol) 
 Increased weight loss, particularly intra-abdominal fat 
 Lowered systolic and diastolic blood pressure 
 Increased fibrinolytic activity 
 Decreased susceptibility to serious ventricular arrhythmias 

 Table 3 
  The Role of Exercise in Improving Overall Health 

and Wellness  

 Reduced incidence of depression and anxiety 
 Improved quality of life 
 Better management of life, family, societal, and work stressors 
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interventions place no specific emphasis on the intensity component of their exercise but focus on 
attaining a desired level of total energy expenditure on either a daily or weekly basis. An example of 
a lifestyle activity is taking frequent short walks during the day to accumulate 30 min of activity rather 
than a structured program in which the individual would spend 30 min on a treadmill in the gym. 

 Two studies evaluated the effects of a lifestyle-based physical activity intervention in individuals 
with T2DM. Yamanouchi et al.  (22)  evaluated the effects of walking combined with diet therapy on 
insulin sensitivity in obese noninsulin-dependent diabetes mellitus patients (average age = 41.5 
years). The diet and exercise group was instructed to walk at least 10,000 steps/day. On average, this 
group of subjects walked 19,200 steps/day. The diet only group was told to maintain a normal daily 
routine. This group walked an average of 4,500 steps/day for 8 weeks. Body weight reduction was 
greater in the diet and exercise group than the diet only group. After training, glucose infusion rate 
and metabolic clearance rate increased in the diet and exercise group but not in the diet only group. 
Analysis also showed a significant correlation between the change in metabolic clearance rate and the 
average steps per day. These results provide evidence that walking can be recommended as an adjunct 
therapy for body weight reduction and improvement in insulin sensitivity in obese patients with 
diabetes who are not using insulin. The fact that the average number of steps performed on a daily 
basis far exceeded the prescribed number of steps suggests that this population was agreeable and able 
to perform this amount of daily physical activity. 

 Walker et al.  (23)  examined the impact of a 12-week walking program on body composition and 
risk factors for CVD in overweight and obese women who either had T2DM or were nondiabetic but 
had first-degree relatives with diabetes (average age = 57 years of age). Subjects in both groups were 
asked to walk 1 hour per day on 5 days each week for 12 weeks. Both groups increased their maximal 
aerobic capacity. In the diabetic women, abdominal body fat decreased along with fasting blood 
glucose, total cholesterol, and low-density lipoprotein-cholesterol. The nondiabetic women with normal 
resting glucose levels failed to lose body fat. However, their HbA 

1c
 , total cholesterol, and LDL-

cholesterol decreased. Thus, 12 weeks of walking increased the fitness of the women. Their improved 
fitness was not related to their improvement in abdominal body fat but their improvement in fasting 
blood glucose was related to the loss of abdominal body fat. 

 These studies also showed that walking is a form of moderate exercise that can be safely performed 
by middle-aged and older persons and can readily be incorporated into a daily routine. Clinically, 
these two studies support the notion that walking is an effective means of treatment in obese or overweight 
patients with diabetes.  

  BENEFITS OF PROGRESSIVE RESISTANCE TRAINING 
IN PATIENTS WITH DIABETES  

 The regular participation in aerobic exercise is often hindered in many patients with T2DM because 
of advancing age, obesity, and other comorbid conditions. Obese, diabetic patients are often unable to 
perform weight-bearing exercise because of the stress and strain on their musculoskeletal system. In 
addition, they are unable to use their large muscle groups for an extended period of time. Weight lift-
ing or progressive resistance training offers an effective complement to aerobic exercise for these 
patients because it can use smaller isolated muscle groups for a shorter period. Resistance training 
reduces acute insulin responses during glucose tolerance testing in diabetics and improves insulin 
sensitivity. Resistance training decreases glycosylated hemoglobin levels in diabetic men and women 
regardless of age  (24) . Two clinical trials support the value of resistance training in older patients with 
T2DM. Dunstan et al.  (25)  examined the effect of high-intensity progressive resistance training 
combined with moderate weight loss on glycemic control and body composition in older Type 2 
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diabetics. Thirty-six overweight men and women with T2DM were randomized to resistance training 
and moderate weight loss (resistance training plus weight loss) or a moderate weight loss control 
group (weight loss). HbA 

1c
  fell significantly more in the resistance training plus weight loss group 

than in the weight loss group at 3 and 6 months. Lean body mass increased in the combined group 
and decreased in the weight loss group. There were no differences between the groups for fasting 
glucose or insulin levels. Thus, resistance training in combination with moderate weight loss was 
effective in improving glycemic control in older patients with T2DM. Increased lean body mass in the 
resistance training plus weight loss group was an additional benefit from resistance training in managing 
older patients with T2DM. 

 Castaneda et al.  (26)  investigated the effect of high-intensity resistance training on glycemic control 
in 62 Latino older adults with T2DM randomly assigned to a 16-week supervised resistance training 
or a control group. The resistance training group exhibited a reduction in plasma glycosylated hemoglobin 
levels, increased muscle glycogen stores, and a reduction in their dose of prescribed diabetes medication. 
Control subjects showed no change in HbA 

1c
 , a reduction in muscle glycogen, and a 42% increase in 

diabetes medications. Compared to control subjects, the resistance-trained group increased lean mass, 
reduced systolic blood pressure, and decreased trunk fat mass. Thus, resistance training appears to 
be feasible and effective in improving glycemic control and reducing the risk factors associated with 
the metabolic syndrome/diabetes in older diabetic patients. 

 These studies add to the rationale that resistance training performed on a regular basis has clinically 
important therapeutic value and should be incorporated into the plan of care for managing glycemic 
control in older patients with T2DM. However, resistance training has not been routinely used in the 
clinical management of diabetes, despite recommendations for this in recent position statements from 
the American Diabetes Association (ADA)  (2,   3)  and the American College of Sports Medicine  (9) . 
Unfortunately, this form of exercise has not been routinely recommended by many clinicians to older 
adults and those with diseases such as diabetes, hypertension, and CVD  (27) . Their main concern is 
that acute rises in blood pressure associated with resistance training might be harmful, possibly provok-
ing stroke, myocardial ischemia, or retinal hemorrhage  (2,   3) . In research studies of resistance training 
in patients with T2DM, there is no evidence that moderate-intensity resistance training increases these 
risks  (25,   26,   28–  31) . Although it is well known that blood pressure rises while lifting a heavy weight, 
blood pressure can also rise considerably while performing aerobic exercise  (2,   3) . Similarly, there is 
no evidence that these acute rises in blood pressure during moderate-intensity aerobic exercise are 
associated with adverse outcomes. More important, participation in regular aerobic and resistance 
exercise does lead to reductions in resting blood pressure. Benn et al.  (32)  demonstrated that in healthy 
older men, the myocardial demands of high-intensity resistance exercise were comparable to those 
occasionally needed for activities of daily living, such as climbing stairs, walking up a hill, or carrying 
20–30 lbs of groceries. These studies support the safety of resistance training in older adults, including 
those with ischemic heart disease, suggesting that resistance training should be a component of an 
overall fitness program, along with aerobic training in many clinical populations  (27) .  

  EXERCISE AND T1DM  

 T1DM is usually manifest at a much younger age, is generally not associated with obesity, and is 
less responsive to exercise training. Those with T1DM are prone to hypoglycemia during and imme-
diately after exercise. Exercise can lead to excessive swings in plasma glucose levels that are unac-
ceptable for the management of the disease. However, people with uncomplicated T1DM do not have 
to restrict physical activity, provided blood sugar levels are monitored regularly and controlled appro-
priately. Many athletes who have T1DM have trained and competed successfully. Monitoring blood 
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sugars levels in an exercising person with T1DM is important so that diet and insulin dosages can be 
adjusted accordingly. Exercise will nonetheless increase glucose disposal and diminish insulin 
requirements on exercise days  (33) . 

 Exercise is not considered a primary component of treatment in T1DM to improve glycemic control. 
Several studies have failed to show an independent effect of exercise training on improving glycemic 
control as measured by HbA 

1c
  in patients with T1DM, although more studies of this subject would be 

beneficial  (34–  36) . Patients with T1DM are nonetheless encouraged to exercise to gain the wide-ranging 
benefits of exercise in improving known risk factors for coronary artery disease. The same logic can 
be applied for reducing the risk for cerebrovascular and peripheral arterial disease, although this has 
not been studied. Health care professionals need to advise patients with T1DM about safe and enjoy-
able physical activities that are consistent with their lifestyle and culture  (37) . Patients with T1DM 
who exercise on a regular basis will also feel an improvement in their quality of life and an enhance-
ment of their self-esteem and sense of well-being  (37) .  

  RISKS OF EXERCISE IN PATIENTS WITH DIABETES  

 The risk-to-benefit ratio of exercise is highly favorable for most patients with diabetes. However, 
exercise is not entirely without risk and health care professionals should be aware of the risks to maxi-
mize patient safety  (38) . Before prescribing a physical activity regimen, patients should be assessed 
for metabolic control, complication status, and any other medical indications not to exercise. Refer to 
Tables  4  and  5 .          

 Table 4 
  Risks Associated with Exercise in Patients with Diabetes  

  Cardiovascular risks  
 Cardiac dysfunction and arrhythmias due to ischemic heart disease (often silent ischemia) 
 Excessive rises or falls in blood pressure or heart rate due to autonomic neuropathy 
 Postexercise orthostatic hypotension and postural hypotension due to autonomic neuropathy 
 Cardiomyopathy due to long-standing diabetes 
 Screening for ischemic heart disease is recommended for patients with diabetic autonomic neuropathy  (39)  

  Metabolic risks  
 Worsening of hyperglycemia and development of ketosis (primarily in Type 1) 
 Hypoglycemia in patients on insulin or oral hypoglycemic agents (Type 1 and Type 2 diabetes) 

  Musculoskeletal and traumatic risks  
 Foot ulcers, skin breakdown, and infection (especially in the presence of neuropathy)  (40)  
 Orthopedic injuries related to peripheral neuropathy 
 Accelerated degenerative joint disease (Charcot joint destruction) 

  Microvascular risks  
 Retinopathy – Patients who have proliferative or severe nonproliferative diabetic retinopathy should avoid 

anaerobic exercise and exercise that involves excessive straining, jarring, or valsalva-like maneuvers 
because of the potential risk of triggering vitreous hemorrhage or retinal detachment  (41)  

 Nephropathy – There is no need for any specific exercise restrictions for people with diabetic kidney 
disease  (42)  

 Neuropathy – Peripheral neuropathy is an indication to limit weight-bearing exercise ( see  Table  5 ) 
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  SCREENING PATIENTS WITH DIABETES FOR EXERCISE PROGRAMS  

 The recommendation that people with diabetes participate in an exercise program is based on 
considerable evidence that the benefits outweigh the risks  (37,   38) . In order to maximize the risk to 
benefit ratio, it is necessary to provide appropriate screening of patients, program design, monitoring, 
and patient education. The chronic hyperglycemia of diabetes is associated with long-term damage, 
dysfunction, and failure of various organs, especially the eyes, kidneys, nerves, heart, and blood 
vessels  (43) . In screening patients for an exercise program, Schneider found the prevalence of previously 
undiagnosed disease as follows: 6% ischemic heart disease, 14% peripheral vascular disease, 42% 
hypertension, 8% proteinuria, and 16% with background retinopathy  (44) . Effective screening of 
patients with diabetes prior to initiating an exercise program should include the following: 

 Evaluate for vascular and neurological complications

  •  Peripheral vascular disease  
 •  Retinopathy  
 •  Nephropathy  
 •  Peripheral neuropathy  
 •  Autonomic neuropathy    

 Screen patients for knowledge level and current control of diabetes

  •  Insulin and oral hypoglycemics  
 •  Self-monitoring of blood sugar levels  
 •  Dietary habits  
 •  Current level of regular physical activity    

 Refer to Table  6  on precautions and special instructions for patients with diabetes.      

  EXERCISE TESTING IN PATIENTS WITH DIABETES  

 The prevalence of premature coronary artery disease is high in patients with diabetes but a majority 
of cases occur in the absence of typical signs and symptoms  (45,   46) . Thus, formal exercise testing is 
often advisable if previously sedentary diabetics are to undertake a moderate- or high-intensity exer-
cise program  (2,   3) . A more detailed discussion of guidelines for exercise testing in patients with 
diabetes can be found in Chapter 12.  

 Table 5 
  Exercise for Diabetic Patients with Loss 

of Protective Sensation  

  Contraindicated    Recommended  

 Treadmill  Swimming 
 Prolonged walking  Bicycling 
 Jogging  Rowing 
 Step exercises  Chair exercises 

 Arm exercises 
 Other nonweight-bearing exercises 
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  EXERCISE PRESCRIPTION FOR PATIENTS WITH DIABETES  

 Prescribing exercise and increasing daily physical activity for people with diabetes must be indi-
vidualized according to medication schedule, presence and severity of diabetic complications, pres-
ence or severity of comorbidities such as CVD or peripheral arterial disease, and goals and expected 
benefits of the program. As part of instructions offered to the patient regarding an exercise program, 
the timing and quantity of food intake must also be considered. The goals of patients participating in 
an exercise program should include:

  •  Normalization of blood sugar levels  
 •  Minimizing diabetic complications  
 •  Management of body weight  
 •  Incorporating daily physical activity into their lifestyle  
 •  Improving cardiovascular fitness, strength, flexibility, and CVD risk factors    

 Table 6 
  Precautions and Special Instructions for Patients with Diabetes  (37)   

 Exercising late in the evening increases the risk of nocturnal hypoglycemia 
 Avoid strenuous exercise until diabetes is under control 
 Know the signs, symptoms, and management of hypoglycemia such as confusion, weakness, fatigue, loss of 

consciousness, and convulsions 
 Episodes of hypoglycemia may occur as late as 24–48 hours postexercise 
 Certain medications tend to mask or exacerbate the effect of hypoglycemia with exercise 

 –  β -Blockers 
 – Coumadin 
 – Calcium channel blockers 
 – Diuretics 
 – Nicotinic acid 

 Carry a carbohydrate source during exercise 
 Avoid exercise at time of peak insulin effect or do one of the following: 

 – Use a carbohydrate snack 30 min prior to exercise 
 – Decrease insulin or oral hypoglycemic dosage prior to exercise 

 Test blood glucose frequently. Glycemic responses to different circumstances are individual 
 Schedule exercise 1–2 h after meals, not at peak insulin time 
 Drink plenty of water before, during, and after exercise 
 Take caution when exercising in hot weather. Heat loss is less efficient in many patients with diabetes due to 

poor peripheral circulation and failure of the sweating mechanism 
 Monitor patients with diabetes for hypertension during exercise and hypotension after exercise 
 Carry an identification card that indicates that the patient has diabetes 
 Carry change for a phone call or carry a cell phone 
 Exercising extremities should not be used as insulin injection sites 

 – Inject insulin into the abdomen if exercise will begin 30 min after injection 
 –  When insulin is injected into the active muscle, muscle glucose is used more rapidly and the elevated 

insulin levels will inhibit glucose production resulting in hypoglycemia 
 Patients with peripheral neuropathy will require an alternative method to pulse taking (e.g., RPE) 
 Abnormal pulse rates and blood pressure responses will be exhibited by those patients with autonomic neu-

ropathy. These patients should also avoid rapid changes in position 
 Patients with peripheral neuropathy must wear proper shoes and inspect their feet daily for blisters, sores, 

and ulcers 
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 The formulation and components of an exercise prescription for a patient with diabetes are similar 
to the standard exercise prescription for healthy people but health care professionals need to consider 
all aspects of this complicated medical condition and analyze and apply the risks and benefits of 
exercise in a given patient  (38,   47) . 

  Mode of Exercise 
 For those with T2DM, it is important to identify a mode of exercise that can safely and effectively 

allow for reaching desired levels of exercise intensity that can be maintained. For example, walking 
is a convenient, low-cost, and low-impact mode of physical activity for those with diabetes. Slow jogging 
or a combination of walking and jogging may be appropriate for low-risk patients who are not 
overweight. The speed of walking can be adjusted to the prescribed intensity, based on what is 
appropriate for the individual patient. Although walking is appropriate for many patients, it may not 
be feasible for obese patients and those who have DRCs such as peripheral neuropathy or lower-
extremity microvascular disease. These patients may require alternative modes that are nonweight-
bearing such as stationary cycling, swimming, rowing ergometers, or an exercise modality that offers 
a seated combination of arm and leg ergometry (e.g., Nu-Step ® , Ann Arbor, MI; AirDyne ® , Schwinn 
Fitness, Vancouver, WA; BioStep ® , Biodex Medical Systems, Shirley, NY). 

 Frequency, intensity, and duration of exercise are dependent on one another to produce the desired 
therapeutic impact on patients with diabetes. Most research would support the notion that the total 
volume (i.e., number of minutes per week at a minimal intensity) of structured aerobic or resistance 
exercise training and/or physical activity may be the most important factor to produce the desired 
results. A consensus statement from the ADA makes the following recommendations regarding 
volume of exercise  (2,   3) :

  •  To improve glycemic control, assist with weight management and reduce risk of CVD, perform 150 min/
week of moderate-intensity aerobic physical activity and/or at least 90 min/week of vigorous aerobic 
exercise.  

 •  Perform  >4  hours/week of moderate to vigorous physical activity to achieve greater CVD risk reduction.  
 •  To achieve long-term maintenance of weight loss, 7 hours/week of moderate to vigorous aerobic physical 

activity may be necessary.     

  Frequency of Exercise 
 Exercising  £ 2 days/week has minimal effect or benefit and there is little additional cardiovascular 

benefit from exercising >5 days/week. The duration of glycemic improvement after the last bout of 
exercise in patients with diabetes is >12 but <72 hours. As a result, it is recommended that for most 
patients with diabetes, their physical activity should be distributed over 3–5 days/week with no more 
than two consecutive days without physical activity. Patients on insulin may need to exercise daily in 
order to lessen the difficulty of balancing caloric needs with insulin dosage. Obese patients may need 
to participate in daily physical activity to achieve long-term weight loss  (2,   3) .  

  Intensity of Exercise 
 Persons with diabetes who have been inactive should initially engage in physical activity of a 

low-to-moderate intensity. Higher intensity exercise is associated with greater cardiovascular risk, 
greater chance for injury, and lower compliance than lower intensity exercise. Monitoring the intensity 
of physical activity in persons with diabetes may require the use of heart rate and/or ratings of perceived 



196 Badenhop

exertion (RPE). It is imperative that those using the RPE scale become familiar with its use for accu-
rate documentation of a patient’s intensity of exercise  (9) . If a patient with diabetes has a low func-
tional capacity and/or suffers from DRCs (e.g., peripheral neuropathy, autonomic neuropathy, and 
morbid obesity), it is recommended that exercise generally be prescribed at an intensity corresponding 
to 40–60% of heart rate reserve (HRR) ( see  Fig.  1 ) or an RPE of 12–13 ( see  Fig.  2 ). Patients whose 
history does not include any complications and whose function is not limited may exercise at intensities 
corresponding to 50–75% of HRR or an RPE of 13–15. Young patients with T1DM and patients with 
T2DM who have high functional capacities should be able to exercise at intensities equal to 60–85% 
of HRR or an RPE of 14–16. Table  7  summarizes these recommendations.       

 Patients with diabetes should perform an adequate warm-up and cooldown associated with their 
exercise regimen. Warm-up should be with low-intensity aerobic exercise that raises their heart rate to 
within 10–20 beats/min of the lower limit of their target heart rate range. At the end of the aerobic 
conditioning phase of their workout, patients should reduce their intensity for at least 5–10 min before 
stopping completely. This cooldown helps ensure the gradual return of the heart rate and blood pressure 
to near-resting levels and reduces the potential for postexercise hypotension and arrhythmias  (1) .  

  Fig. 1.    Calculation of a target heart rate range.       

160 BPM – Peak HR on exercise test 

  60 BPM – Standing resting HR 

100 BPM – Heart rate range 

+    60 BPM +   60 BPM

to        120 BPM THRR  =   100 BPM

100 X .40 = 40 BPM; 100 X .60 = 60 BPM

  Fig. 2.    Borg Scale for rating of perceived exertion.       
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  Duration of Exercise 
 The duration of physical activity for persons with diabetes is directly related to the caloric expendi-

ture requirements and inversely related to the intensity. Initially, those with DRCs and/or who have 
lower functional capacities should engage in shorter sessions of activity (e.g., 10–15 min)  (38) . The 
long-term goal for most patients would be to exercise for 30–45 min for 3–5 days/week  (38) . Physical 
activity can be divided into two or three 10–15 min sessions per day to achieve the desired energy 
expenditure results. For patients who have a goal of weight loss, the intensity should be low to moder-
ate (40–75% HRR) and the duration needs to be incrementally increased to approximately 60 min/day 
to achieve the goals of 7 h/week of physical activity and of long-term maintenance of major weight 
loss. But health care professionals should be aware that longer exercise sessions may result in a higher 
incidence of musculoskeletal injury and lower compliance long term  (1–  3) .  

  Rate of Progression 
 Exercise programs for patients with diabetes should gradually increase frequency or duration of 

exercise initially instead of intensity. It is recommended to avoid having beginning exercisers perform 
too much exercise too soon. Given that older age and obesity are common elements of T2DM, it may 
take months rather than weeks for these patients to adapt to a recommended physical activity program. 
After the desired duration of the activity is achieved, any increase in intensity should be small and 
approached with caution  (1) . It is also important to closely monitor the patient’s signs, symptoms, and 
response to exercise as they progress.   

  PRESCRIBING PROGRESSIVE RESISTANCE TRAINING FOR PATIENTS 
WITH DIABETES  

 Progressive resistance training should be included in the treatment regimen of patients with diabetes 
because it improves physiological and psychological function, increases or preserves lean body mass, 
and improves glucose homeostasis. In the absence of contraindications  (27)  ( see  Table  8 ), people with 
diabetes should be encouraged to perform resistance training as a part of their therapeutic plan. Specific 
recommendations for safe and effective resistance training are outlined in Table  9   (27) .          

 Caution should be used in cases of advanced retinal and cardiovascular complications. Modifications 
such as lowering the intensity of lifting, preventing exercise to the point of exhaustion, and eliminating 
the amount of sustained gripping or isometric contractions should be advised  (9) . To ensure resist-
ance, exercises are performed correctly, maximize the health benefits and minimize the risk of injury, 
it is recommended that initial supervision and periodic reassessments are conducted by an experi-
enced clinical exercise physiologist.  

 Table 7 
  Classification of Intensity of Exercise Based on History of Diabetes-Related Complications 

(Drcs) and Functional Capacity  

  History and functional capacity    Heart rate reserve (%)  
  Ratings of perceived 

exertion    Intensity  

 DRCs and/or low function  40–60  12–13  Moderate 
 No DRCs with preserved function  50–75  13–15  Moderate–hard 
 High functioning without DRCs  60–85  14–16  Hard 
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  GUIDELINES FOR INCREASING DAILY PHYSICAL ACTIVITY  

 The process for motivating an inactive person with diabetes to become physically active is a chal-
lenging one. Nevertheless, increasing daily physical activity can be effectively incorporated into a 
patient’s plan of therapy. Health care professionals are in a unique and influential position to motivate 
their sedentary patients to begin and maintain an effective program of regular physical activity. 
DiLoreto et al.  (48)  undertook a study to validate a counseling strategy that could be used by physicians 

 Table 8 
  Medical Contraindications to Resistance Training  

  COPD  chronic obstructive pulmonary disease,  CLA  chronic airways limitations 
 a Ventricular tachycardia, complete heart block without pacemaker, atrial flutter, and 

junctional rhythms 
 b For example, uncontrolled diabetes (symptomatic hyper- or hypoglycemia; HbA 

1c
  > 

10%), hypertension (untreated systolic BP > 170 mmHg), thyroid disease, congestive heart 
failure, sepsis, acute illness, and fevers 

 c Laser, cataract extraction, retinal surgery, glaucoma surgery, etc. (collated from Fiatarone 
Singh) 

  Cardiovascular contraindications  
 Unstable angina, untreated severe left main coronary artery disease 
 Angina, hypotension, or arrhythmias provoked by resistance training 
 Acute myocardial infarction 
 End-stage congestive heart failure (New York Heart Association Class IV) 
 Severe valvular heart disease 
 Malignant or unstable arrhythmias a  
 Large or expanding aortic aneurysm 
 Known cerebral aneurysm 
 Acute deep venous thrombosis 
 Acute pulmonary embolism or infarction 
 Recent intracerebral or subdural hemorrhage 

  Musculoskeletal contraindications  
 Significant exacerbation of musculoskeletal pain with resistance training 
 Unstable or acutely injured joints, tendons, or ligaments 
 Fracture within last 6 months (delayed union) 
 Acute inflammatory joint disease 

  Other contraindications  
 Rapidly progressive or unstable neurological disease 
 Failure to thrive, terminal illness 
 Uncontrolled systemic disease b  
 Symptomatic or large abdominal or inguinal hernias, hemorrhoids 
 Severe dementia/behavioral disturbance 
 Acute alcohol or drug intoxication 
 Acute retinal bleeding or detachment or severe proliferative diabetic retinopathy 
 Recent ophthalmic surgery c  
 Severe cognitive impairment 
 Uncontrolled COPD/CAL 
 Prosthesis instability 
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in their daily outpatient practice to promote the adoption and maintenance of physical activity by 
T2DM patients. Patients were randomized to a behavioral approach to increase daily physical activity 
or to a usual care treatment group. Outcomes after 2 years included 69% of the patients in the inter-
vention group and 18% of the patients in the control group achieving the target of >10 MET hours/
week. In addition, the intervention group achieved significant improvements in body mass index and 
HbA 

1c
  compared to the control group. 

 The 1996 Surgeon General’s report by the US Department of Health and Human Services on 
Physical Activity and Health states: “Having confidence in one’s ability to be active; enjoying physical 
activity; receiving support from family, friends or peers; and perceiving that the benefits of physi-
cal activity outweigh its barriers or costs appear to be central determining factors influencing activity 
levels across the life span”  (49) . Health care professionals should use structured counseling in recom-
mending physical activity to their patients with diabetes which includes motivation, self-efficacy, 
pleasure, support, comprehension, problem solving of barriers to increased physical activity, and 
recording daily physical activity. See Figs.  3  and  4  for counseling guidelines and establishing specific 
goals for lifestyle activity in patients with diabetes.    

  PHARMACOTHERAPY IN CONJUNCTION WITH PRESCRIBING EXERCISE  

 Treatment of persons with diabetes mellitus includes pharmacotherapy (oral drug therapy and/or 
insulin injections) as well as making changes in eating patterns, beginning an exercise regimen, and 
choosing effective ways to manage stress in their life. Patients with T2DM are most prone to experi-
ence hypoglycemia during the course of their exercise therapy. Signs of hypoglycemia include nausea, 
trembling, anxiety, extreme hunger, increased sweating, and rapid heartbeat. This brief review will 
focus on discussing drugs that  may  and drugs that  do not  contribute to hypoglycemia  (50) .

 Table 9 
  Recommendations for Safe and Effective Progressive 

Resistance Training in Type 2 Diabetes  

  Modality  
 Machine and/or free weights training 
 Large muscle groups of upper and lower body and trunk 
 Dynamic lifting through full pain-free range of motion 
 Slow velocity during eccentric phase (3–4 s) 

  Intensity  
 Moderate-high (60–80% IRM) 
 15–18 on Borg Scale of perceived exertion 

  Volume  
 Two to three set of eight repetitions; 1–2 min rests between sets 

  Frequency  
 Every 48–72 hours 

  Precautions  
 Preactivity medical clearance 
 Avoid excessive breath-holding 
 Avoid sustained isometric contractions 
 Take care with ankle cuffs because of risk of soft tissue injury 
 Ensure good posture and technique to avoid back pain 
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   Drugs that may contribute to hypoglycemia:

    Sulfonylureas:  The sulfonylureas are a class of pharmacological agents that stimulate the release of insulin from 
 β -cells in the pancreas. The possibility of medication-induced hypoglycemia should be a consideration in any 
patient taking a sulfonylurea. Patients who skip meals, engage in frequent strenuous exercise, and experience 
significant weight reduction will have an added risk. Sulfonylureas may also be combined with other antidia-
betic medications with alternate mechanisms of action, such as metformin and thiazolidinediones. They can also 
be used in conjunction with insulin therapy, though that is not a first-line combination.  

Institute structured counseling on increasing physical activity to include: 

Motivation – explain the benefits of exercise for patients with diabetes 
Self-efficacy – setting realistic personal goals 
Pleasure – exercise that is appealing to the patient 
Support – partners to share sessions of physical activity 
Comprehension – listening to patients regarding their perceptions 
Lack of impediments – problem solving of barriers to activity 
Diary – daily recording of physical activity 

Note: 60 minutes of activity may be needed to promote weight loss in some individuals 

Replace: With: 

No activity, difficulty with 
motivation or time 

Starting slowly, any activity is better than none; get an exercise
partner; making appointment with self of physical activity;
finding fun activities; take activity class at community center;
determining time of day that will work most often 

Sedentary activities of daily 
living (elevator, use of 
remote controls) 

Using stairs; getting up to turn off TV; parking farther away from
work/store; using pedometer to evaluate activity level 

Casual walking (approx. 
2000 steps in 15 minutes) 

Brisk walking (approximately 2500 steps in 15 min); increase 
number of steps with pedometer (2000 steps = approximately 1
mile) 

Reduce: Suggest: 

Time spent in sedentary 
hobbies (card games, board 
or computer games, golf 
carts, reading, watching TV) 

Active hobbies: dancing, tai chi, aerobics, swimming, martial 
arts, biking, walk the golf course (instead of cart) 

Work days or weekends that 
are entirely sedentary 

Walking over lunch hour; delivering messages in person (instead 
of e-mail); standing in meetings or while on phone; plan activities 
on weekends with family or friends 

Restrict: 
Days that are entirely sedentary 

Patient has priority of regular
physical activity

Has patient achieved goal 
of 30-60 mins of activity 
most days of the week? 

Offer positive feedback
and continue current

activity habits

NO

YES

  Fig. 3.    Guidelines for counseling patients on increasing daily physical activity.       
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   Meglitinides:  Meglitinides are another class of hypoglycemics which work similarly to the sulfonylureas, but 
do not contain the sulfa structural element. They can also be combined with other hypoglycemics such as met-
formin, rosiglitazone, and pioglitazone, as well as insulin therapy. Similarly to the sulfonylureas, the megliti-
nides have the potential to cause hypoglycemia. They are of very short duration and may cause problems with 
hypoglycemia if a patient exercises within an hour of meal time. The risk of hypoglycemia is less with the 
meglitinides than with the sulfonylureas, as the insulin release is glucose-dependent, reducing the release of 
insulin when the blood glucose is low.  

  Fig. 4.    Fitness pyramid.       

If you are inactive
(rarely do activity)

Increase daily activities at the base of the
pyramid by:
• taking the stairs instead of the elevator 
• hiding the TV remote control 
• making extra trips around the home

and yard 
• stretching while standing in line 
• walking when you can 

If you are sporadic
(active some of the time,
but not regularly)

Become consistent with activity by
increasing activity in the middle of the
pyramid by: 
• finding activities you enjoy 
• planning activities in your day 
• setting realistic goals

If you are consistent
(active most of the time or
at least 4 days each week)

Choose activities from the whole
pyramid by: 
• changing your routine if you start

to become bored 
• exploring new activities 

Above all...have fun! 

2-3 Times a Week

3-5 Times a Week

Watching TV
Computer games

Sitting for more than
30 minutes at a time

Flexibility
and Strength
Stretching/Yoga

Push-ups/Curl-ups
Weight lifting

Recreational 
(30+ minutes)

Soccer
Hiking

Basketball   

Tennis
Martial arts

Dancing

Aerobic  Exercise 
(20+ minutes)

Brisk walking   
Cross-country skiing

Swimming
Bicycling

Walk the dog
Take longer routes

Take the stairs instead 
of the elevator

Walk to the store or the mailbox
Work in your garden

Park your car farther away
Make extra steps in your day 

Fitness
Pyramid

Each week, try to increase your physical activity using this guide.
Here’s how to start:

Every Day
(as much as possible)
Be creative in finding a 
variety of ways to stay 

active

Cut
Down On

Leisure Activities
Golf

Bowling
Softball

Yard work 
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   Insulin:  T1DM patients, and many T2DM patients, may require exogenous insulin in addition to therapy with 
diet and exercise to maintain proper glucose control. The most common adverse effects associated with insulin 
therapy are hypoglycemia and lipodystrophies.  

   Newer products: Pramlintide  is a synthetic analogue of amylin which lowers glucagon concentrations, slows 
gastric emptying, and increases satiety. It is indicated in insulin-requiring patients when insulin alone is insuf-
ficient. Pramlintide may cause hypoglycemia but does not induce weight gain.  

   Exenatide  is a synthetic incretin which lowers glucagon concentrations, slows gastric emptying, and increases 
satiety plus stimulates the release of insulin. It is indicated in T2DM and is not approved to be given with insu-
lin. Exenatide does not induce weight gain but may cause hypoglycemia.       

 See Table  10  for a summary of drugs that  may  contribute to hypoglycemia.
    Drugs that do not contribute to hypoglycemia:

    Biguanides:  Metformin is the only hypoglycemic classified as a biguanide. The exact mechanism of action of 
metformin is not well understood. Therapeutic indications for metformin include monotherapy for T2DM com-
bined with diet and exercise or in combination with a thiazolidinedione, sulfonylurea, or insulin therapy. 
Metformin has an advantage over sulfonylurea or insulin therapy in that it has not been shown to cause weight 
gain. Another advantage over the sulfonylureas is that it is not known to precipitate hypoglycemia.  
   Thiazolidinediones:  Glitazones enhance insulin sensitivity by increasing the expression of glucose transporters 
(GLUT 1 and GLUT 4). There is a risk of weight gain in patients taking thiazolidinediones, especially if they are 
coadministered with a sulfonylurea or insulin therapy. Thiazolidinediones are indicated only in the treatment of 
T2DM and not T1DM. They are preferred to be used in conjunction with sulfonylurea, metformin, or insulin as 
use of glitazones as a monotherapy has been shown to be relatively ineffective, unless the patient is in the early 
stages of diabetes. These agents do not usually cause hypoglycemia at therapeutic doses.  

    a -Glucosidase inhibitors:  By delaying the absorption of glucose after a meal, the  α -glucosidase inhibitors can 
reduce postprandial hyperglycemia. However, these agents have relatively no effect on fasting glucose levels. It 
is essential that these agents be taken with the first bite of the patient’s meal. With proper administration, 
hypoglycemia is not a common side effect of the  α -glucosidase inhibitors, though it can occur if these agents 
are combined with other antidiabetic medication regimens.  

   Sitagliptin:  It inhibits dipeptidyl peptidase-4 resulting in increased insulin release and decreased glucagon 
release. This drug can be used as monotherapy or in combination with metformin or a glitazone. It does not 
induce hypoglycemia or weight gain.  

 Table 10 
  Drugs that may Contribute to Hypoglycemia During Exercise  

  Drug    Brand name    Class  

 Repaglinide  Prandin  Meglitinides 
 Nateglinide  Starlix  Meglitinides 
 Glyberide + Metformin  Glucovance  Combination 
 Glipizide + Metformin  Metaglip  Combination 
 Pramlintide  Symlin  Synthetic amylin 
 Exenatide  Byetta  Synthetic incretin 
 Glimepiride  Amaryl  Sulfonylurea 
 Glipizide  Glucotrol  Sulfonylurea 
 Glyburide  Micronase, Diabeta, Glynase  Sulfonylurea 
 Insulin 
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   Muraglitazar:  It has “glitazone” glucose-lowering effects plus fibrate-like lipid-lowering properties. This medi-
cation is more apt to include fluid retention and weight gain compared to glitazones and does not cause 
hypoglycemia.           

 See Table  11  for a summary of drugs that do not contribute to hypoglycemia.     
  β -Blockers can blunt the adrenergic symptoms of hypoglycemia, possibly increasing risk of 

hypoglycemia unawareness. ACE inhibitors may modestly increase insulin sensitivity, and both ACE 
inhibitors and aspirin may increase risk of hypoglycemia in some individuals  (2) .  

  HYPERGLYCEMIA/HYPOGLYCEMIA: TO EXERCISE OR NOT TO EXERCISE? 
THAT IS THE QUESTION  

 The recommendation to avoid physical activity if plasma glucose is >300 mg/dl, even in the 
absence of ketosis  (51–  53) , is more cautious than necessary for a person with T2DM, especially in a 
postprandial state. Badenhop et al.  (54)  demonstrated that patients with T2DM who exercise in a 
cardiac rehabilitation program typically have systematic improvements in blood sugar levels after an 
exercise training session. Patients who presented with elevated pre-exercise blood sugars rarely exhib-
ited symptomatic hypoglycemia or, in particular, symptomatic hyperglycemia or ketosis during the 
24 hours postexercise. Therefore, provided the patient feels well and urine ketones are negative, it is 
not necessary to postpone exercise based simply on hyperglycemia  (3) . 

 If the medication dose or carbohydrate ingestion is not altered, physical activity can cause hypogly-
cemia in individuals taking insulin and/or insulin secretagogues. Episodes of hypoglycemia are not 
likely in patients with diabetes who are not treated with insulin or insulin secretagogues. It was previ-
ously suggested by the ADA that added carbohydrate should be eaten if pre-exercise glucose levels 
are <100 mg/dl  (55) . This recommendation stands for diabetic patients on insulin and/or insulin secre-
tagogues. The revised ADA guidelines identify that supplementary carbohydrate is generally not 
needed for diabetic patients treated with diet, metformin,  α -glucosidase inhibitors, and/or thiazolid-
inediones without insulin or insulin secretagogues  (2,   3) . 

 Patients taking insulin or insulin secretagogues should check blood sugars before, after, and again 
several hours after completing physical activity. Those patients who show a tendency toward hypogly-
cemia in response to exercise can either reduce their dose of insulin or insulin secretagogues before 
activity, consume extra carbohydrates before or during physical activity, or both  (3,   56) . 

 Table 11 
  Drugs that do not Contribute to Hypoglycemia During Exercise  

  Drug    Brand name    Class  

 Rosiglitazone  Avandia  Glitazones 
 Pioglitazone  Actos  Glitazones 
 Acarbose  Precose   α -Glucosidase inhibitors 
 Miglitol  Glyset   α -Glucosidase inhibitors 
 Metformin  Glucophage  Biguanides 
 Avandia + Metformin  Avandamet  Combination 
 Actos + Metformin  Actoplus  Combination 
 Sitagliptin  Januvia 
 Muraglitazar  Pargluva 
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 Guidelines for monitoring diabetic control and patients’ response to exercise: 
 When patients with diabetes begin an exercise program, blood glucose levels associated with exer-

cise should be monitored systematically  (5,   14,   26,   27) . Monitoring and recording a patient’s blood 
glucose level before and after exercise is important for the following reasons:

  •  Many patients perceive and report that their diabetes is under good control when it is not!  
 •  Checking blood sugars before and after exercise helps a patient identify when he or she is at immediate risk 

of becoming hypoglycemic or hyperglycemic  .
 •  Checking blood sugars helps provide the basis for progressing their exercise prescription.  
 •  Monitoring of blood sugars provides positive feedback regarding the effects of exercise.    

 Guidelines for monitoring patients with diabetes: 
 It is understood that clinical judgment should be used in conjunction with all finger-stick blood 

sugar numbers stated below. Clinical judgment should be considered along with:

  •  What type of insulin/oral medication will be taken?  
 •  What time insulin/oral medication will be taken?  
 •  Time patient last ate.  
 •  Time of exercise session.  
 •  Level of exercise to be performed.    

 Refer to Tables  12  and  13 .          
 Unless ketosis, symptomatic hyperglycemia, symptomatic hypoglycemia, or diabetes-related 

symptoms are present, it is acceptable to allow a patient to continue his or her exercise program 
while at the same time developing a specific plan in conjunction with the patient’s physician to opti-
mize blood sugar control. Measures of HbA 

1c
  provide a useful approximation of long-term glucose 

control, which helps in regulating dosing of medications, exercise, and weight-loss goals. A desir-
able HbA 

1c
  reflecting good long-term glucose control and a low likelihood of complications is 7.0 

mg/dl or lower. 
 Foot care is an important consideration for patients with diabetes who exercise. Problems most 

often develop when blood flow is poor or when there is nerve damage in the legs and feet. Such prob-
lems can include very dry skin that may peel or crack, the buildup of calluses that may ulcerate, and 
foot ulcers particularly at the ball of the foot or on the bottom of the big toe. Exercise staff should 
routinely inspect diabetic patient’s feet, and encourage patients to examine their own feet daily. 
Patients should be strongly encouraged to bring any sores, infections, or inflammation to the immedi-
ate attention of the exercise staff or their physician or podiatrist. In addition, assessment for peripheral 

 Table 12 
  Recommended Procedures for Checking Blood Sugar Levels Associated with Exercise  

 Patients with diabetes taking an oral hypoglycemic agent or insulin for control of their diabetes will have finger-
stick blood sugar performed pre- and postexercise for six exercise sessions in order to establish the patient’s 
level of glucose control and subsequent response to exercise. Pre- and postexercise checks of finger-stick blood 
sugar will continue if values of  £ 90 or  ³ 300 mg/dl are recorded. 

 A dietitian should be alerted when patients are in poor diabetic control to facilitate reinforcement of dietary 
aspects of self-care. 

 When patterns of diabetes control show change (improvement or worsening), a staff member will contact the 
patient’s physician to provide data so that the primary care physician or endocrinologist can make medication 
adjustments as needed. 
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 Table 13 
  Recommended Procedure for Managing Finger-Stick Blood Sugar Measures Pre- and Postexercise  

  a In all of these cases, the patient’s physician will be contacted. 

 If preexercise FSBS is  ³ 300 mg/dl, a urine sample will be checked for ketones. 
 No exercise if ketones are present. The patient’s physician will be informed. 
 If FSBS is  ³ 300 mg/dl, but no ketones, patient may exercise unless: 

 Type 1 (insulin dependent) 
 If FSBS  ³  300 mg/dl  No exercise a  
 Type 2 (on oral agent/insulin requiring) 
 If FSBS  ³  300 mg/dl and symptomatic  No exercise a  
 Type 2 (on oral agent/insulin requiring) 
 If FSBS  ³  300 mg/dl and asymptomatic  Exercise a  

 Patients should be encouraged to test their blood sugar 1 h after exercise at home or work and be 
made aware of potential hypoglycemic responses for 24–48 hours after an exercise session. 
Patients may need to bring their own glucose-measuring devices to ensure adequate technique 
and equipment operation and to cross-check with devices used in the health care setting. 

 Snacks appropriate for abnormal pre- or postexercise blood sugar measures should contain 15–30 
g of carbohydrate: 
 · 4–8 ounces of fruit juice (not tomato 

juice) 
 · Four glucose tablets 
 · Half to one banana 
 · One cup skim milk 

neuropathies and pulses should be performed by a physician or podiatrist before a patient with diabe-
tes undertakes a regular exercise program. Staff should instruct patients on the following procedures 
for care of their feet  (40) . Refer to Table  14 .     

 Please refer to Chapter (13) for further information on the subject of foot care and neuropathy.  

  SUMMARY  

 Regular physical activity provides improved glycemic control, reduces the risks and complications 
associated with CVD, and improves overall health with minimal risk. In addition to aerobic exercise, 
current guidelines also recommend resistance training as clinically important for managing glycemic 
control in older patients with T2DM. Exercise is not considered a primary component of treatment in 
Type 1 diabetics but patients with T1DM should exercise to reduce their risk for CVD and to enhance 
their sense of well-being. 

 Health care professionals should follow established guidelines for screening patients with diabetes 
before undergoing a moderate to vigorous exercise program. Exercise professionals should know 
under what conditions (i.e., hypoglycemia/hyperglycemia) it is safe for patients to proceed with exer-
cise and know which medications may or may not cause problems with exercise. Special emphasis 
should be placed on proper foot care in the treatment of diabetics. Knowing the recommended guide-
lines related to mode, frequency, intensity, duration, and progression of an exercise prescription is 
essential. Counseling diabetic patients on strategies to increase their daily physical activity is chal-
lenging but is effective in achieving significant improvement in fasting blood glucose and body 
weight reduction. 
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 The combination of structured exercise and increasing daily physical activity as therapy, appropri-
ate adjustment of medications, and proper monitoring of finger-stick blood sugar pre- and postexer-
cise in a health care setting may maximize the benefits and minimize the risks for patients with 
diabetes who make the lifelong commitment of habitual daily physical activity.      
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Abstract

Diabetes is associated with a variety of adverse health conditions including cardiovascular morbidity 
and mortality. Sedentary activity is a primary contributor to the rapidly escalating prevalence of prediabe-
tes and diabetes in the United States, and a majority of US adults are not meeting recommended guidelines 
for exercise. This chapter reviews the available research regarding the influence of daily lifestyle activity 
and structured exercise on health improvement for persons with diabetes. A number of behavioral prescrip-
tion recommendations are derived from this literature, and the benefit of utilizing behavioral modification 
techniques in the development and maintenance of increased exercise efforts is discussed. Examples for 
using specific behavioral techniques in exercise are provided and environmental challenges to creating 
large-scale behavioral interventions to promote increases in the public’s activity level are reviewed.

Key words: Behavior change; Behavior modification; Readiness for change; Motivational interviewing; 
Exercise; Physical activity; Diabetes.
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  INTRODUCTION     

 A wealth of literature exists to document the increasing prevalence of overweight, obesity, predia-
betes, and diabetes in all age groups world wide  (1–  5) . Flegal et al.  (3)  reported that nearly 65% of 
the US population is overweight with the prevalence of obesity exceeding 30%, and overweight or 
obesity has been shown to constitute the strongest predictor for the development of diabetes  (6) . By 
2000, approximately 8.6% of US adults or 16.7 million individuals had been diagnosed with diabetes, 
with the prediction that this number would more than double in the next 25 years  (7,   8) . Mokdad et al. 
 (4)  reported a 5.6% one-year increase in the prevalence of diabetes from 7.35% to 7.9% in 2000–2001, 
and a 61% increase in the prevalence of diabetes in USA between 1990 and 2001. Diabetes is associated 
with a variety of adverse health outcomes culminating in a highly increased prevalence of cardiovas-
cular morbidity and mortality  (9,   10) . Perhaps none of these data are more ominous that those of 
Jemal et al.  (5)  who reported a 45% increase in diabetes-related deaths in US adults in the 15 years 
from 1987 to 2002. 

 Additional strong evidence exists to support the potential physiological health improvements that 
result from increased physical activity and exercise for those with diabetes and prediabetes. Physical 
activity has been shown to play a major role in the prevention of Type 2 diabetes in high-risk patients 
separate from its role on body weight  (11) . Often in combination with dietary changes and weight 
loss, physical exercise has been shown to actively contribute to the prevention of diabetes in persons 
with impaired glucose tolerance  (1,   12,   13) , and to improvements in cardiovascular fitness, improved 
insulin sensitivity, glycemic control, and hemoglobin A1c measures in patients with Type 2 diabetes 
 (14–  19)  and reductions in all-cause mortality  (20–  25) . Structured exercise programs have shown to 
be equally efficacious as pharmacotherapy for improving both glycemic control and cardiovascular 
risk  (26,   27) . 

 Sedentary behavior is a primary contributor to the increase in body weight and prevalence of dia-
betes in USA. Sedentary activity levels have been shown to associate with a doubled risk of all-cause 
cardiovascular mortality  (28,   29) , and the cardiovascular risks associated with sedentary activity may 
exceed the cardiac risk attributed to chronic disease processes such as diabetes  (30) . Unlike many of 
the lifestyle features that behavioral modification strategies have been used to address (e.g., eating, 
drinking, sleep, and sexual behaviors), there is no human biological drive to exercise (ref)   . In fact, 
intentional exertion for the explicit purpose of expending energy seems almost counter to the human 
physiological tendency to conserve. As such, one of the compelling behavioral challenges in increas-
ing exercise is that an individual likely determines to attempt this change because they “should” or 
that “it will be good for them” rather than in response to a biological or physiological urge or sensa-
tion. For the purposes of this chapter, published definitions of physical activity and exercise will be 
used.  Physical activity  is typically defined as bodily movement produced via skeletal muscle requiring 
energy expenditure in excess of resting energy expenditure.  Exercise  is generally defined as inten-
tional, structured, repetitive bodily movements performed with the goal of improving or maintaining 
physical fitness  (7,   31,   32) . 

 In a nationwide effort to combat the deleterious effects of sedentary behavior, it is now widely 
recommended that adults accumulate at least 30 min of moderate-intensity physical activity on 
most, preferably all, days of the week  (33) . However, the Institute of Medicine  (34)  suggested 
that this level of activity may be insufficient to maintain normal body weight in adults (e.g., BMI 
 £  25 kg/m 2 ) and to fully realize the health benefits of consistent exercise. The Institute of 
Medicine thus offered a recommendation for acquiring at least 60 min of moderate-intensity 
physical activity (e.g., walking or jogging at 4–5 mph pace) per day. Despite available data which 
support both recommendations, population surveys suggest that the average adult in USA remains 
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far from meeting these objectives. National data has revealed that over 70% of US women and 
over 65% of US men fail to achieve the 30-min per day goal  (35) . Approximately 60% of US 
adults report no regular or sustained leisure time activity and less than 15% regularly engage in 
vigorous physical activity  (32) .  

  ENVIRONMENTAL INFLUENCES ON SEDENTARY BEHAVIORS  

 Rapid advances in urbanization and mechanization have contributed to the increasingly sedentary 
nature of humans. A variety of environmental and technological changes have contributed to the lack 
of required exercise for the population, with several authors now using the term “toxic environment” 
 (36–  39)  to describe the deleterious impact of these changes on the public’s health. In many ways, the 
increasingly sedentary population may be perceived as a direct by-product of technological advances 
that require less energy expenditure via physical labor in employment, transportation, increased lei-
sure time, computers, internet, videogames, increased television viewing, decreased availability of 
and emphasis on physical education in schools, decreasing convenience of walking space, and 
increasing safety concerns which restrict access to walking, playgrounds, and other outdoor pursuits 
 (40–  43) . Not surprisingly, the convenience of local destinations and “walkability” of neighborhoods 
has been shown to associate with higher pedometer readings. King et al. (2003) reported that living 
within 20 min of a park, walking trail, or retail stores produced increases in walking in neighboring 
residents  (40) . While the health benefits of consistent, moderate-intensity exercise are well known, 
the significant challenge to motivate and sustain long-term behavioral change against these obstacles 
remains  (44) . 

 Watching television, sitting at one’s work desk, and working on a computer comprise the majority 
of daily activities for many US adults. In fact, the average US male spends 29 h/week and the average 
US female 34 h/week watching television  (45) . Time spent watching television has been reported to 
be independently and significantly associated with the risk of developing diabetes, with these esti-
mated weekly viewing averages more than doubling Type 2 diabetes risk for both men and women  
(6,   46) . Hu et al. (2003) reported that each 2 h/day increment that females watch television poses a 
23% increased risk for the development of obesity and a 14% risk for development of Type 2 diabetes 
 (6) . This would grossly equate to a 56% increased risk of obesity and 34% increased risk of diabetes 
for women at the estimated average of 34 h of television viewing per week. These authors suggest that 
each additional 2 h daily increment of sedentary behaviors such as sitting at a desk may add an addi-
tional 5% risk of Type 2 diabetes for women. In contrast, even minimal activity change such as stand-
ing or walking in one’s home can reduce this risk by more than 10%. One hour per day of brisk 
walking was shown to associate with a 24% reduction in risk for obesity and a 34% risk reduction for 
developing Type 2 diabetes. The authors conclude that 30% of new cases of obesity and 43% of new 
cases of Type 2 diabetes could be prevented by making modest lifestyle changes including <10 h of 
television per week and at least 30 min of brisk walking per day.  

  PHYSICIAN COUNSELING REGARDING EXERCISE  

 The average adult in US attends approximately two office visits per year with their primary physi-
cian  (47,   48) , and prior studies suggest that patients desire information about physical activity from 
their doctors  (49) . A variety of prominent organizations including the American Heart Association 
and the US Preventive Services Task Force  (50)  recommend that physicians advise and counsel their 
patients to increase or sustain physical activity. DiLoreto et al.  (51)  reported that a behavioral physi-
cian counseling strategy devised to increase motivation, self-efficacy, pleasure, behavior skills to 
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problem-solving obstacles, and self-monitoring assisted patients in meeting exercise goals associated 
with improvements in BMI and HbA1c. Nonetheless, it is widely reported that primary care physi-
cians do not regularly counsel patients regarding physical activity and a number of barriers to this 
counseling have been reported including time constraints, limited reimbursement for efforts, limited 
knowledge of specific behavioral skills, and lack of confidence in the efficacy of these counseling 
efforts  (52–  55) .  

  BEHAVIORAL CONCEPTUALIZATION OF EXERCISE RECOMMENDATIONS  

 In order to develop explicit behavioral recommendations to increase physical activity in the general 
public, many specifics of the proposed exercise guidelines must be elucidated including clarifying the 
most desirable type of activities to pursue, specifying both the amount of time and intensity required, 
and identifying acceptable derivations of exercise that will achieve the overall goal. As such, a brief 
review of exercise program specifics shown to be efficacious in improving cardiorespiratory health is 
provided. 

  Lifestyle Physical Activity vs. Structured Activity 
 Lifestyle physical activity is defined as “the daily accumulation of at least 30 minutes of self-

selected activities, which includes all leisure, occupational, or household activities that are at least 
moderate to vigorous in their intensity and could be planned or unplanned activities that are part of 
everyday life”  (56 , p. 399). In a widely cited study called Project Active  (57) , 235 sedentary men and 
women were randomized to either a lifestyle physical activity group (“Lifestyle”) or a structured gym-
based exercise program (“Structured”) for 24 months of intervention (6 months intensive and 18 
months maintenance). Lifestyle participants were advised to accumulate 30 min of moderate-intensity 
physical activity on most, preferably all days per week, and attended weekly group sessions focusing 
on cognitive and behavioral strategies related to exercise behavior. After 6 months, group meetings 
were decreased to twice per month. Structured exercise participants were requested to attend at least 
three supervised exercise sessions per week (50–85% of maximal aerobic capacity for 20–60 min) and 
to gradually increase participation to five sessions per week. This group received additional super-
vised instruction in behavioral strategies for 3 weeks then chose preferred activities for an individual-
ized program. During months 7–24, this group attended quarterly meetings and received newsletters 
and monthly activity calendars to keep them abreast of benefits of exercise. Results indicated that both 
groups showed similar significant improvements in physical health and cardiorespiratory (VO 

2
  max) 

measures, yet neither group produced significant weight change. These results are supported by those 
of Anderson et al.  (58)  who reported that treatments involving diet plus lifestyle activities (e.g., 
encouragement to increase walking or using stairs) offered similar health benefits (e.g., weight, trig-
lycerides, and cholesterol) to diet plus supervised structured activity consisting of step aerobics 
increased from 30 to 45 min three times per week.  

  Amount of Exercise: How Much is Enough? 
 The national recommendations for exercise accumulation previously cited suggest some lack of 

consensus as to the ideal amount of exercise per day to maximize health benefits. In fact, the simple 
conceptualization of “some is good and more may be better” appears to apply. Brill et al.  (59)  found 
that groups of individuals exercising either 30 or 60 min per day five times per week in combination 
with diet achieved similar health benefits despite no changes in body weight. Jakicic et al. (2003) 



Behavior Change Strategies 213

reported similar results in a study comparing varying degrees of walking intensity and duration  (60) . 
In this study, 201 sedentary women were randomized to one of four exercise conditions with variable 
levels of intensity (high vs moderate) and duration (high duration equaling 2000 kcal/week expendi-
ture vs moderate duration equaling 1,000 kcal/week expenditure) on a 5 day/week basis. A moder-
ately reduced energy diet of 1,200–1,500 kcal/day was recommended. Results after 12 months of 
treatment indicated significant weight loss in all exercise groups with no between group differences. 
Cardiorespiratory fitness levels also showed significant improvement in all exercise conditions and no 
between group differences. Blair et al.  (61)  concluded that 30 min/day of moderate-intensity exercise 
can provide a substantial and broad range of health benefits for sedentary adults. They further 
suggested that for those individuals achieving and maintaining 30 min/day, a gradual increase to 60 
min/day can offer additional health benefits. SoJung et al.  (62)  reported substantial decreases in 
visceral fat and skeletal muscle lipids in obese people with and without Type 2 diabetes following 13 
weeks of supervised aerobic exercise (60 min/day on five occasions per week). DiLoreto et al.  (27)  
similarly supported a gradual accumulation of 60 min of exercise per day by reporting that at least 30 
min/day of aerobic leisure time activity (moderate-intensity walking) improved HbA1c and cardiores-
piratory measures, but that a dose–response relationship was identified suggesting that additional 
health benefits could be achieved by increasing exercise accumulations to 60 min/day.  

  Type of Exercise Prescribed 
 Given the multitude of available types of exercise, several studies have been conducted to deter-

mine the optimal exercise regimens to achieve health improvements. As has been noted throughout 
this chapter, moderate-intensity exercise consisting of brisk-paced walking is the most commonly 
recommended physical activity, and walking has been shown to produce multiple health improve-
ments which can lower mortality in persons with diabetes  (21,   43,   63–  66) . Blair et al.  (61)  again 
suggested that individuals maintaining 30 min/day of exercise may achieve additional health benefits 
with a gradual increase to 60 min/day utilizing a combination of aerobic, resistance training, and 
stretching exercises. This recommendation for combinations of different types of exercise was sup-
ported by Snowling and Hopkins  (64)  who found that aerobic, resistance, and combined exercise 
efforts each appeared beneficial in reducing HbA1c, with some evidence supporting combination 
exercise approaches. Sigal et al.  (31)  provided a comprehensive review of the beneficial effects of 
different types of physical exercise for individuals with prediabetes, Type 2 diabetes, and obesity. The 
results of several studies reported that persons with diabetes showed HbA1c improvement after par-
ticipating in resistance exercise  (17,   31) . In a meta-analysis of 14 controlled moderate-intensity aero-
bic and resistance training studies involving individuals with Type 2 diabetes, Boule et al. (2001) 
identified reductions in HbA1c by an average of 0.66%, an amount that should reduce risk of diabetes 
complications  (67) . These results were again achieved despite no changes in body mass.  

  Long Exercise Bouts vs. Accumulated Short Bouts 
 While it may intuitively seem beneficial to accumulate exercise minutes in one continuous long-

duration bout, available research has not supported this premise. DeBusk et al.  (68)  were among the 
first to report similar improvements in cardiorespiratory (e.g., VO 

2
  max) fitness in 18 healthy male 

subjects who performed either one 30-min exercise bout or accumulated three 10-min bouts on several 
occasions per week. Jakicic et al.  (69)  randomized 56 overweight adult females to diet plus short-bout 
exercise (total 40 min for 5 days per week cumulative of several 10-min exercise bouts) vs. long-bout 
exercise (one 40-min bout of moderate-intensity walking five times per week). Results demonstrated 
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similar cardiorespiratory (VO 
2
  max) improvements in both groups, but with improved adherence 

(greater number of days, greater cumulative minutes per week) for participants in the short-bout con-
dition. Jakicic et al.  (70)  then expanded upon these results by randomizing 148 sedentary, overweight 
females to diet plus long-bout exercise sessions, multiple short-bout sessions, or multiple short-bout 
sessions plus home exercise equipment (e.g., treadmill). All groups showed increased cardiorespira-
tory fitness from baseline and modest weight loss with no significant between group differences. 
Weight loss at 18 months was significantly greater in participants exercising more than 200 min/week 
as compared with those exercising less than 200 min/week, and the provision of home exercise equip-
ment was associated with higher levels of long-term short-bout exercise adherence. In a modest adap-
tation of these research designs, Schmidt et al.  (71)  randomized a cohort of overweight females to one 
of three exercise conditions including one 30-min session, two 15-min sessions, or three 10-min ses-
sions per day. Subjects in all groups demonstrated improved cardiorespiratory fitness (VO 

2
  max) and 

all demonstrated similar weight loss. No significant differences were noted between groups on any 
measure. 

 From a behavioral perspective, these results suggest that a minimum of 30 min of moderate-intensity 
exercise on five occasions per week formulates the basis of exercise goals. This frequency of exercise is 
supported for persons with diabetes by research suggesting improved insulin sensitivity in insulin-
resistant individuals for 16–24 h after a single exercise training bout, and up to 48–72 h after exercise 
with extended physical training  (72–  76) . Increases to 60 min/day of moderate-intensity exercise may 
provide additional health improvement benefits for those able to achieve and sustain this exercise 
level. Structured exercise options have been proven to facilitate health improvement, but research 
suggests that encouraging increases in lifestyle physical activity can also produce valuable health 
improvements. As for the type of exercise to prescribe, moderate-intensity walking is the most readily 
available and cost-effective resource available to most people. Research supports health improve-
ments with moderate-intensity walking for at least 30 min on most days per week  (21,   77) . Adding 
additional resistance, aerobic, and stretching exercise components may produce additional health 
value and offer critical variety in exercise patterns to sustain motivation and pleasure. Multiple short 
bouts (e.g., at least 10 min duration) can be accumulated within an exercise day to meet the 30 min 
goal and produce health improvements. These short bouts may be easier to incorporate into busy 
schedules and may formulate the cornerstone of health behavior change strategies at the outset of 
attempting to develop and integrate exercise into a daily schedule for sedentary individuals. It appears 
to be of critical importance that efforts to increase physical activity in persons with obesity or diabetes 
must also incorporate specific plans to decrease sedentary activities in addition to strategically 
increasing physical activity to maximize long-term health improvement.   

  BEHAVIOR MODIFICATION AND EXERCISE  

 Behavior modification is a specialized area of psychology that utilizes specific theory-based strate-
gies to analyze and modify behavior. The “functional analysis” of behavior involves specifying the 
relationship between environmental variables and specific behaviors, and “behavioral modification” 
occurs via the implementation of strategies to modify environmental, cognitive, or affective factors to 
facilitate the development of adaptive new behaviors  (78,   79) . Behavioral modification techniques 
formulate the cornerstone of intentional lifestyle change and have been proven effective in improving 
exercise habits, dietary change, alcohol and drug misuse, and sleep problems. For decades, applying 
behavioral change tactics to increase exercise, change diets, and adhere to pharmacotherapy has com-
posed the foundation of diabetes treatment  (64,   80) . 

 The basic premise of health behavior change is that graded efforts to increase awareness of mala-
daptive behavioral patterns and to increase adaptive health behaviors can result in health improvement. 
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This premise has been widely supported by recent large-scale, multiyear, multicenter investigations 
of people with prediabetes  (1,   13)  and Type 2 diabetes  (81,   82) . The Diabetes Prevention Program  (1)  
was a multiyear, multicenter investigation of the differential effectiveness of an intensive lifestyle 
intervention, medication, and placebo to delay or prevent the diabetes onset in at risk adults. 
Behaviorists were an integral part of the study in order to maximally effect the desired lifestyle 
changes. The goals of the lifestyle intervention were to achieve at least 7% total body weight reduc-
tion via dietary modification and at least 150 min/week of physical activity/exercise (e.g., moderate-
intensity walking). Over 2.8-year follow-up, the incidence of diabetes was 11.0, 7.8, and 4.8 cases per 
100 person years in the placebo, medication, and lifestyle arms, respectively. The lifestyle interven-
tion was found to reduce the incidence of diabetes by 58%, which was significantly greater than all 
other arms. These impressive results were created by modest lifestyle changes over 2–3 years in 
which participants lost an approximate average of 10 pounds and increased walking (e.g., nearly 
three-quarters of lifestyle participants achieved the goal of 150 min or more). The results of the 
Diabetes Prevention Program study  (1)  are similar to those reported by Thomilehto et al.  (13) , who 
randomized 522 Finish adults with impaired glucose tolerance to either a similar intensive lifestyle 
intervention (e.g., supervised exercise and personalized dietary counseling) or a control group (e.g., 
oral and written information about dietary change and increasing exercise but with no personalized 
instruction). At an average follow-up of 3.2 years, participants in the intensive lifestyle intervention 
group showed significantly greater weight loss and improved metabolic measures, and a significantly 
greater number achieved the physical activity goal of more than 240 min/week. Amazingly, the risk 
of developing diabetes in intervention subjects was reduced by an identical 58% compared to control 
subjects as previously reported  (1) . Positive results supporting the protective and preventive effects of 
intensive and personalized lifestyle interventions including dietary change and activity increase have 
also been reported in Chinese and Japanese adults with impaired glucose tolerance  (12,   83) . The 
results of these large-scale trials are particularly important since they stand in direct contrast to the 
demoralizing perception that small-to-moderate lifestyle changes are insufficient to produce meaning-
ful health improvement. Blair and Leemakers  (84)  offered the example that a 75-kg person would gain 
an average of 1–1.5 kg/year by consuming an extra 10–15 kcal/day, but that this same person could 
remain weight neutral by burning 15 kcal/day with 2.5 min of moderate-intensity walking. Gregg 
et al.  (21)  reported that adults with diabetes who walked at least 2 h/week had a 39% lower all-cause 
mortality rate and a 34% lower CVD mortality rate than inactive individuals who walked less than 
2 h/week. These authors concluded that one death per year for every 61 people with diabetes might 
be prevented if they were to walk at least 2 h/week. 

 Brownell et al.  (85)  suggested three essential phases of behavior change including commitment and 
motivation for change, initiation of active change strategies, and relapse prevention strategies to main-
tain change. Behavior change techniques can be applied to overt or observable behaviors, cognitive, 
and mood factors influencing behavior. Behavioral modification strategies have been successfully 
applied to motivate exercise efforts, restructure environmental stimuli to promote increased exercise, 
develop and implement health behaviors, and modify thoughts and self-perceptions which influence 
physical activity  (46,   86–  91) .  

  READINESS FOR EXERCISE ADOPTION  

 Utilization of behavioral modification strategies should be initiated well before a person begins 
walking or offers their first efforts at increasing exercise. Behavioral techniques can be used both to 
identify and influence factors affecting a person’s decision to embark upon behavior change and to 
devise, implement, and evaluate specific strategies for producing desired changes. Determining readi-
ness for behavioral change has been suggested as a useful factor in predicting participation with 
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behavior change efforts  (92,   93) , and the readiness for change construct has been specifically applied 
to exercise  (94,   95) . Stage of change, also known as the transtheoretical model (TTM), suggests that 
individuals consider behavior change via a series of stages that take into account both current behavior 
and intention to change behavior in a specified time frame. For example, those in the first stage, 
Precontemplation, are not currently consistently engaging in exercise and have no plans to begin 
exercising in the next 6 months, while the next progressive stage, Contemplation, includes those who 
are not exercising but intend to do so regularly within the next 6 months. Those in the Preparation 
stage are not currently exercising but have begun making small changes in anticipation of beginning, 
while those in the Active stage have regularly exercised for a period less than 6 months. Those in the 
Maintenance phase have successfully sustained regular exercise for the last 6 months or longer. 
Available data suggest that individuals in the Precontemplation stage report the lowest levels of physi-
cal activity, while those in the Action and Maintenance stages reported the highest. This is supported 
by evidence suggesting a significant relationship between reported stage of readiness for change and 
measures of energy expenditure in women  (95) . Cowan et al.  (96)  assessed 182 primary care patients 
and found 15% in the Precontemplation stage, 26% in Contemplation, 50% in Preparation, 7% in 
Action, and 13% in Maintenance, suggesting that only a small percentage of medical patients may be 
actively engaged in exercise at a given time. 

 The TTM further integrates the stage of change constructs of self-efficacy (perceived confidence 
in one’s ability to consistently perform a desired behavior in challenging circumstances), decision 
balance (a systematic evaluation of the pros and cons of changing behavior), and the processes of 
behavior change (a series of five cognitive and five behavioral strategies that can assist one to progress 
through the stages of change). Review of the TTM literature supports that individuals with greater 
levels of perceived self-efficacy are more likely to adopt exercise behavior  (97,   98) . An important 
reminder regarding the readiness for change stages is that an individual may cycle between stages and 
can relapse back to earlier stages of inactivity at various times. As such, literature assessing decision 
balance (personal perceptions of pros and cons of becoming increasingly active) has suggested that 
this assessment is significantly related to stage of change adoption  (99) , and that increasing the ratio 
of perceived pros to cons predicted advancing stages of physical activity behaviors  (100) .  

  MOTIVATIONAL INTERVIEWING  

 Introduced by Miller and Rollnick in 1991  (101) , motivational interviewing (MI) has been defined 
as a “client centered, directive method for enhancing intrinsic motivation to change by exploring and 
resolving ambivalence”  (102 , p. 25). An important part of this definition is the emphasis that motiva-
tion for change emanates from within the individual as opposed to requiring persuasion by a health-
care “expert.” The historic use of dramatic clinical tactics to motivate change (e.g., the black lung 
picture, threats of mortality, and group confrontation about behavior) has suggested that external pres-
sure to convince another into pursuing change is unlikely to be successful and potentially risks 
increasing resistance to change  (102,   103) . In assessing readiness for change, healthcare providers are 
increasingly using MI techniques to assist patients in elucidating personal reasons that health behavior 
change may be desirable, and to acknowledge and validate feelings of ambivalence, one may feel 
about committing to behavior change. MI is designed to allow individuals to verbalize personal rea-
sons to pursue lifestyle change, to anticipate obstacles that might be encountered, and to identify 
personal resources to navigate these barriers. 

 Hettema et al.  (104)  reported meta-analysis results of 72 clinical trials investigating various applica-
tions of MI across a range of problematic health behaviors. These authors reported promising initial 
results for various MI applications to promote increased exercise, dietary adherence, and success in eating 
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disorder programs. Other research has suggested moderate effects sizes for diet and exercise behaviors 
with study results having been well maintained  (105) . Motivational interview strategies used in combina-
tion with other behavioral interventions have shown promise in increasing reported physical exercise 
 (106–  109) , and studies utilizing MI techniques in obesity treatment with various diet and exercise strate-
gies have demonstrated improved adherence with treatment  (110,   111) . In a recent review of the applica-
tions of MI in weight loss, Van Dorsten  (112)  concluded that the current literature supports the use of MI 
adaptations in weight loss, weight loss maintenance, exercise behaviors, and regimen adherence. 

 Empirical isolation of specific MI effects has been difficult given that multiple adaptations of the 
MI interview approach have been published. Motivational interviews were originally designed as a 
pretreatment motivational strategy, but the MI effect may be enhanced or prolonged with additional 
repetitions or booster sessions  (104) . Serial assessments of motivation for change can be conducted 
at specific time increments such as annually or even seasonally. MI interviews can be repeated every 
three months to identify specific motivations to sustain healthy behavior change efforts during differ-
ent seasons when tangible obstacles or motivations may vary greatly. MI techniques were also initially 
designed to be used on an individual basis, yet many assessment and intervention strategies in health 
care may be best delivered on a group basis. Rollnick et al.  (113)  suggested that conducting MI in 
group settings may hold considerable promise in terms of time economy and clinical utility. Initial 
efforts to utilize MI techniques in clinical group settings have shown considerable promise  (114–  116)  
and a manual to incorporate MI principles into psychoeducational groups has been developed  (117) .  

  COMMONLY USED BEHAVIORAL STRATEGIES IN EXERCISE ADOPTION  

 A body of evidence exists to support behavior modification interventions in improving glycemic 
control in diabetes  (86,   89,   90,   118) . The research findings reviewed in aggregate suggest that even 
minimal increases in physical activity for sedentary individuals with diabetes may produce positive 
health improvements, and that the gradual development of a consistent exercise regimen may produce 
additional health benefits. Behavior modification techniques are readily applicable for assisting indi-
viduals to improve exercise behaviors. The fundamental goals of a behavioral approach are to increase 
awareness of current or deleterious health patterns, identify explicit behavior change goals, break 
individual behaviors into operational units, devise strategies to incrementally develop and master the 
desired behaviors, and plan relapse prevention strategies to sustain the long-term performance of the 
newly developed health behaviors. A brief discussion of several applicable behavioral techniques in 
establishing exercise behaviors follows, and a number of examples of applications of these principles 
in exercise adoption appear in Table  1 .     

  Self-Monitoring 
 A mandatory first step in approaching health behavior change is increasing objective awareness of 

current behavioral patterns. Many individuals perceive themselves as being more active and much closer 
to meeting published exercise recommendations than they actually are. In fact, errors in unstructured 
estimates of energy expenditure have been reported to be as high as 50%  (119,   120) . Others may per-
ceive themselves as completely sedentary and overwhelmed with the prospective challenge of eventually 
achieving sufficient levels of exercise to improve their health. Self-monitoring is the term used to 
describe the systematic recording of behaviors selected for change. In exercise adoption, numbers of 
steps accumulated via pedometer recordings, minutes of intentional daily exercise, number of stairs 
walked, increases in lifestyle activities (e.g., minutes spent raking leaves, mowing the lawn), or amount 
of time spent watching television, sitting at a desk, or working on a computer may all be targeted for 
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 Table 1 
  Examples of Behavioral Modification Strategies in Exercise Adoption and Maintenance  

  Behavioral technique    Purpose(s)    Target uses/Examples  

 Self-monitoring  Increase awareness of behavior 
patterns 

 Daily activity minutes/steps 
 Type of activity utilized each day 
 Factors influencing activity pattern 

 • mood, negative thoughts 
 • weather, pain 
 • medication adherence 
 • television/computer time 
 • glucose before/after exercise 

 Increase accuracy of behavior 
estimates 

 Reinforce changes in target 
behaviors 

 Goal setting  Specify realistic, measurable, 
obtainable incremental goals 
for target behaviors 

 Graded activity increases 
 • achieving moderate-intensity 
 • minutes per day/week 
 • number of pedometer steps 
 • number of days per week 

 Decreasing sedentary behaviors  Reducing time spent watching television or 
working on a computer 

 Behavioral contracting  Specify criteria for increases in 
target behaviors, decreases 
in maladaptive behaviors 

 • activity amount/type/frequency 
 • time management schedule 
 • incremental goals 

 Specify rewards for contract 
fulfillment 

 • reinforcement/rewards 

 Reinforcement planning  Extrinsic  • positive comments from others 
 • buying new shoes, clothes 
 • entering walks, fun-runs 
 • pleasurable activities, massage 

 Intrinsic  • self-perception (“a walker”) 
 • positive self-esteem changes 
 • increased stamina 
 • changes in body appearance 
 • improved metabolic measures 

 Problem-solving  Stepwise algorithm to modify 
challenges to consistent 
efforts at behavior change 

 Obstacles to exercise adherence 
 • adverse weather 
 • mall walking 
 • minor injuries 
 • apathy 
 • mood challenges 
 • walking partners/social support 

 Stimulus control/cues  Prompt occurrence of target 
behaviors 

 Color dots to prompt awareness 
 • exercise goals 
 • taking stairs 

 Increase visual cues to prompt activity 
 • equipment, clothes, shoes 

 Electronic calendar prompts to exercise 

(continued)



Behavior Change Strategies 219

  Behavioral technique    Purpose(s)    Target uses/Examples  

 Changing the 
environment 

 Make changes in home/work 
environments to support 
performance of the target 
behavior 

 Keep walking shoes in sight at home/office 
 Packing exercise clothing for work 
 Preparing exercise equipment for easy use 
 Changing one’s social environment to increase 

exposure to others attempting positive activ-
ity change 

 Cognitive restructuring  Identify/modify self-defeating 
thoughts 

 Inaccurate self-perceptions 
 • too out of shape to start 
 • won’t do any good 
 • lazy, weak, failure 
 • lack will-power 

 Increase self-rewarding 
thoughts to motivate change 
efforts 

 Encouraging thoughts 
 • I can do it this time 
 • will succeed in the long run 
 • little changes will help 
 • a lapse is not a crisis 
 • proud of myself for trying again 

 Social support  Identify positive resources  • Enlist family/friends in efforts 
 • Medical treatment providers 

 Identify new/extended 
resources 

 • Community/public resources/clubs 
 • Exercise groups 
 • Professional organization exercise classes 

(e.g., Arthritis Foundation) 
 • Online support groups for activity 

 Relapse prevention  Define lapse and relapse  • Set explicit criteria to reengage 
 Develop plans to reengage  • Identify multiple resources to assist 

re-engagement efforts 
 Develop resources to contact to 
assist with reengaging 

 • Multiple community resources for activity, 
continued contact, and support 

 Table 1 
  (continued)  

self-monitoring to quantify current patterns. Daily monitoring of additional factors which influence 
exercise intention (e.g., mood states, perceived obstacles, weather, time availability) can also provide 
critical information in explicitly clarifying influences on exercise behavior. Self-monitoring of activity 
can provide an objective baseline level of activity and may frequently stimulate adaptive changes in the 
target behavior in response to the feedback acquired from recording. From the information acquired via 
self-monitoring, individually-tailored incremental goals for behavior change can be established. It is 
important to remember that self-monitoring should be used to increase awareness of positive behavioral 
patterns as well as maladaptive behaviors and to identify interpersonal strengths. Far too often, daily 
recording of behavior is used solely to identify problem areas and becomes perceived as a “weapon” 
rather than an assessment tool. Creatively using self-monitoring to episodically increase awareness of 
positives may increase long-term motivation and provide reward for initial change efforts.  
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  Goal Setting 
 For many people, the chasm between current behavioral practices and the ultimate amount of 

behavior change they perceive as necessary to improve health can be immobilizing from both a moti-
vational and a behavioral perspective. Using information obtained via the daily recording of behavior, 
the development of realistic, obtainable, and measurable goals for the graded increase in exercise 
performance is critical to long-term success. Overall goals must be divided into individual weekly 
goals, and these weekly goals can be sequentially increased over an extended time period. Initial 
behavior change goals may include setting a minimum number of minutes per day to walk or meeting 
a step goal, or reducing the amount of time watching television or working on a computer. The initial 
goal can be established as perhaps a 10% increase in the amount of time or number of steps monitored 
at baseline. In time, incremental goals can be linked together until a person might achieve three or 
more 10-min walking sessions per day and thereby meet their ultimate minute goal. For completely 
sedentary individuals, appropriate initial goals may include increasing the amounts of time or steps 
acquired via increasing leisure time or lifestyle activities (e.g., increasing number of steps in the 
home, decreased time reclining), with a goal to eventually work up to one 10-min exercise bout at 
moderate-intensity effort. Continued graded efforts might eventually allow the individual to achieve 
two or more 10-min walking or exercise bouts. Social support and reinforcement for persistent effort 
is critical as it realistically may take weeks or months to increase activity levels to achieve the desired 
number of minutes per day and/or the number of days per week.  

  Behavioral Contracts and Reinforcement Planning 
 Behavioral or  contingency  contracting is yet another tool which can be used to specify the “rules” 

and rewards for performance. Behavioral contracts are commonly an “effort agreement” between two 
parties (e.g., the person attempting behavior change and a family member, health care professional, 
or peers also attempting to be more active) in which the goal behavior is explicitly defined, the 
number of repetitions of the exercise behavior is specified, and the time frame for completion is 
defined. An initial contract for a sedentary person attempting to increase activity may include walking 
at moderate intensity (e.g., a more rapid pace than usual), for a given number of minutes, for a mini-
mum number of days per week for the next one or two weeks. This contract should also include the 
identification of very specific rewards which will be provided when the contingencies in the contract 
are achieved. Self-reward is a necessary component of exercise contracts and is the basis of the 
premise of self-management of behavior. As it is unlikely that an external resource may always be 
available to provide support, peers can verify performance and offer rewards. Behavior change con-
tracts, often signed by others witnessing the commitment, can be important strategies in motivating 
patients to maintain efforts over time  (121,   122) . As an individual’s performance gradually improves, 
contracts may be extended to longer time periods, with specified increases in exercise minutes or 
steps, or number of days per week of exercise to achieve an overall goal. 

 An associated and critical portion of contingency contracting is the specification of a reward or 
 reinforcer  that can be administered at the successful conclusion of an incremental contract. This 
reward is intended to increase the probability that the target behavior will increase in frequency. 
Reinforcers need to be individually determined and logically scrutinized for convenience, availability, 
and feasibility. Rewards may be primarily  extrinsic  or externally provided early in behavior change 
and may include pleasurable activities (e.g., camping, bowling), movies, clothing, a massage or spa 
day, motivating comments by others, or purchasing a desired but inexpensive item. Over time, rewards 
may become increasingly  intrinsic  or from within the individual. Intrinsic reinforcers might include 
changes in self-esteem (e.g., feeling better about oneself, looking more healthy, perceiving ease of 
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activity, or daily movement) or improved self-perceptions (e.g., more confident in abilities, increased 
pride for efforts, positive self-statements). Long-term behavior change may be facilitated by a gradual 
change in the way an individual perceives and defines themselves (e.g., going from “trying to walk 
more” to someone who defines themselves as “a walker.”)  

  Problem Solving 
 As was previously discussed, MI can precede behavior change to identify potential obstacles that 

might interfere with consistent change efforts. It is quite unlikely, however, that anyone might realisti-
cally anticipate the entire range of challenges which might be encountered when performing high-
frequency behaviors over time. As such, formal training in the stepwise process of problem solving 
constitutes a valuable component of behavioral modification skill instruction in exercise. Problem-
solving techniques generally include five steps which are: identifying and operationally defining 
specific obstacles to long-term behavioral performance, brainstorming a number of potential solutions 
to each challenge, considering the ease of applicability of each option, selecting and implementing a 
high-probability option to navigate a given obstacle, and evaluating the success of the chosen option. 
This problem-solving algorithm can be flexibly applied to both overt/environmental challenges (e.g., 
winter weather, transportation, financial issues, physical injuries, and schedule conflicts) and covert/
intrapersonal obstacles (e.g., amotivation, depression, and negative self-statements). Both external 
and internal factors may challenge the successful integration of long-term behavior changes and must 
be addressed. Wanko et al.  (43)  reported a series of anticipated barriers to long-term exercise perform-
ance including painful injury, lacking “willpower” or feeling that one’s health is not good enough to 
begin an exercise regimen, lack of specific insights about what to do, and a host of convenience and 
safety concerns (e.g., having no one to exercise with, lack of convenience of a place to exercise out 
of the home, and safety concerns). Any of these barriers to exercise may materialize at different time 
periods and instructing an adaptive problem-solving strategy which can be used to navigate these 
challenges can improve long-term outcomes.  

  Stimulus Control/Prompting 
 Stimulus control is the behavioral strategy designed to identify and modify environmental cues or 

prompts associated with increasing activity. Multiple environmental cues are present each day which 
may prompt inactivity (e.g., television remote controls and easy access transportation) and a commit-
ment to increase activity comes with an inherent acknowledgement that behavior change is not ini-
tially convenient. Being sedentary is  convenient , and identifying rival “convenient” resources to 
expedite changes in activity is a necessary prerequisite for successful behavior change. Multiple 
prompts can be strategically placed in one’s home and work environment to cue activity increases. For 
example, placing exercise clothes in readily available carry bags for work, creating a convenient space 
for home exercise equipment to facilitate ease of use, keeping walking shoes in sight at both home 
and work, charting of walking days and times, using electronic schedule prompts to remind of exer-
cise times, or placing simple adhesive color dots in high-traffic areas to prompt one to acquire walking 
minutes can all be successfully incorporated into home and work places to increase salient “remind-
ers” of commitment and to fulfill each day’s exercise goal.  

  Changing the Environment 
 Many of the behavioral tactics discussed can be utilized to modify the environment from one that 

tolerates or promotes inactivity to one that makes physical activity increasingly convenient and acces-
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sible. Jakicic et al.  (70)  reported that availability of home exercise equipment improved long-term 
adherence with exercise goals. Many people have exercise equipment that remains in a box, under a 
bed, in storage, in the garage, or tucked away in a seldom used part of the home. Placing exercise 
equipment in prominent sight near televisions or windows increases the availability and convenience 
and provides an important visual prompt to exercise. Keeping exercise clothing and shoes convenient 
and accessible further increases the ease of initiating exercise sessions. Rearranging home and work 
schedules to include exercise periods can raise the probability that exercise will occur. Surveying 
one’s neighborhood for available parks, sidewalks, malls, or facilities that can be incorporated into an 
exercise regimen is critical. Using an automobile to gauge relative distances can be incorporated along 
with pedometer steps in measuring relative distances to establish incremental goals. Finally, changing 
one’s environment might include modifying the social environment as well to increase exposure to 
others who are similarly attempting behavior change or to increase contact with those who support 
and encourage increased physical activity to improve health.  

  Cognitive Restructuring 
 Just as humans develop a variety of daily physical habits that become increasingly “automatic” deter-

minants of behavior, we are equally prone to developing cognitive “habits” that influence our percep-
tions of ourselves, our world, and our daily behavior. Most people contemplating activity increases have 
made multiple prior unsuccessful attempts to exercise. The aggregate impact of prior attempts may be 
positive (e.g., person has gradually acquired skills that will help them eventually succeed) or profoundly 
negative (e.g., person has “learned” that they “lack willpower” or are “too weak” to succeed). As such, 
a review of cognitions and beliefs impacting previous attempts will very often identify negative and self-
defeating thoughts and beliefs regarding one’s ability to succeed in making future behavioral changes. 
Negative thoughts can become self-defeating as they may adversely impact a person’s motivation to 
attempt future exercise and may serve as a strong prompt for abandoning activity efforts. 

 Cognitive-behavioral theory suggests that cognition and behavior are partially determined by one’s 
self-perceptions and the amount of control one perceives to make changes in their world. Cognitive 
restructuring strategies can be used to make individuals more aware of maladaptive “distortions” or 
self-defeating perceptions  (123) . Once these perceptual “tendencies” are identified, behavioral strate-
gies can be used to actively challenge self-defeating self-perceptions (e.g., “will never succeed”). 
A number of behavioral techniques may be combined to modify these distortions including self-
monitoring to increase awareness, problem-solving strategies to combat negative self-talk, and 
planning reinforcement to reward efforts to confront maladaptive perceptions. While it may be tempt-
ing to overlook cognitions related to exercise performance, clinical experience suggests that thoughts 
and beliefs may have considerable impact on the initial motivation for activity increase and the long-
term consistency of change efforts.  

  Social Support 
 Involving influential others in behavior change efforts can have a significant effect on long-term 

motivation and productivity. Individuals attempting activity increases are encouraged to keep social 
support members aware of goals and to involve others whenever possible in exercise sessions  (124) . 
Wallace et al.  (125)  reported that individuals who began a fitness program with their spouse had 
higher levels of adherence at 12 months than those who joined alone. In an interesting report of the 
potential influence of social others on exercise performance, Brekke et al.  (126)  reported that brief 
educational interventions with nondiabetic relatives of people with diabetes had a positive and statistically 
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significant influence on producing increased physical activity in sedentary family members with dia-
betes. Consistent with previous discussions of barriers to exercise, having no one to exercise with has 
been reported as a primary barrier to exercise maintenance  (43) . Rather than relying exclusively on 
one walking partner (e.g., the buddy system) or one’s spouse, individuals embarking on exercise 
behavior change should be encouraged to identify and enlist as many influential others as possible for 
the purpose of walking companionship, encouragement, and reviewing goal achievement. Online sup-
port resources, walking groups, and fitness facilities may provide consistent and positive exposure to 
others with similar goals to influence success.  

  Relapse Prevention 
 Available research supports that it is notoriously difficult to sustain participation with moderate or 

intensive activity regimens to achieve long-term effects. More than 50% of individuals who begin 
exercise regimens discontinue within 3–6 months  (127,   128) . Sallis et al.  (129)  reported that among 
women adopting either moderate or vigorous intensity activity, discontinuation rates were 30% and 
50% for moderate and vigorous exercisers, respectively, between 6 and 12 months. Most individuals 
will cycle between the stages of readiness for exercise and episodically fall out of the active stage. 
Waning motivation, significant schedule changes, loss of exercise partners, or physical injury may all 
contribute to an episodic hiatus from activity. 

 Short-duration interruptions of exercise are referred to as a “lapse,” while longer-term “relapses” 
are defined as a discontinuation of exercise behavior for a sufficient period so as to allow one’s 
baseline status to return  (85) . A more concerning notion of “collapse” was suggested by Marlatt and 
Gordon  (130)  and cautioned that if a sufficient number of relapse episodes were experienced by an 
individual in repeated efforts to change behavior, motivation for future efforts could be diminished. 
As such, defining lapse threats and conceptualizing them as realistically inevitable in long-term 
behavioral change is recommended. Utilizing motivational strategies to reinvigorate efforts and 
enlisting problem-solving techniques to navigate obstacles and devise restart efforts can successfully 
shorten lapses away of action. Relapse may reasonably occur following more severe events (e.g., 
significant injury), but is often the product of failure to explicitly define relapse indicators (e.g., no 
exercise periods for seven days or exercising only once per week for four consecutive weeks). Once 
these criteria are developed, awareness of relapse threats is heightened, and a specific action plan 
(e.g., returning to structured exercise options, devising a reintroduction plan, and contacting social 
support or providers) can be established to facilitate prompt return to active performance. Failure 
to consider and specify relapse criteria may prolong inactivity until basal levels of sedentary 
activity return. 

 Among the factors shown to associate with behavior change adherence is maintaining long-term 
contact with treatment providers and/or peers  (131,   132) . Follow-up contacts can be efficiently 
accomplished via episodic individual or group meetings, telephone, or internet  (56,   133,   134) . The 
optimal frequency of maintenance contacts is largely unknown, but should be devised in response to 
attendance frequency and exercise performance. Improved results of structured exercise programs in 
the last two decades may be related to extending active program lengths from weeks to ten months or 
longer  (131) . For persons with access to structured exercise resources, restart programs offering the 
opportunity to reengage in an active intervention strategy during maintenance (e.g., exercise groups 
or supervised activity programs) should be considered to reestablish and strengthen beneficial behav-
ioral patterns. Alternatively, provision of personal trainers and monetary incentives to sustain healthy 
lifestyle behaviors  (135,   136)  and group-contingent work site competitions  (122,   137)  have been suc-
cessfully used to achieve ongoing participation with weight loss and exercise programs.   
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  SUMMARY AND FUTURE WORK  

 Historically, it has proven difficult to isolate the effect of behavioral modification instruction on 
exercise outcomes or improving diabetes outcomes as most studies have employed varying combina-
tions of exercise, diet, pharmacotherapy, and behavioral modification packages. Meta-analytic 
attempts to determine these specific effects have yielded small-to-moderate short-term effect sizes for 
behavioral self-management interventions in diabetes management  (86,   87,   91) . Continued efforts to 
elucidate the most efficacious behavioral and educational components of diabetes self-management 
approaches are needed. Given the lack of definition of the ultimate behavioral package or approach, 
clinicians and researchers must remain creative in combining behavioral techniques to promote exer-
cise adoption and long-term maintenance. 

 A number of practical behavioral recommendations for increasing exercise can be derived from the 
data in this chapter. Improving health outcomes via exercise has become a combination task of reduc-
ing daily sedentary activity and increasing activities designed to intentionally expend energy. Making 
efforts to increase lifestyle, leisure, and recreational activities in addition to structured activity has 
been shown to produce health improvement. Daily exercise quotas can be accumulated via multiple 
short bouts as well as extended single sessions of activity. Individuals with diabetes seeking improved 
cardiorespiratory fitness should exercise as many times per week as possible but with a minimum goal 
of 4–5 days/week to maintain enhanced insulin sensitivity. Accumulating 30 min of exercise has 
shown to produce fitness improvements, and additional health benefits may be achieved by increasing 
exercise duration to 60 min/day. As it is known that more than half of people initiating behavior 
efforts to increase exercise discontinue within 6 months, longer-term and sustainable behavioral strat-
egies must be emphasized in treatment planning. Implementing readiness for change and MI strate-
gies have shown promise in maintaining efforts and must be consistently utilized in future programs. 
Rollnick et al.  (138)  have recently authored an MI text to facilitate specific applications with health-
care patients  (138) . 

 Profound environmental challenges exist to increasing the activity level of the general public. 
Dunn et al.  (56)  reported that studies employing intense and frequent behavioral skill instruction 
have shown success in increasing physical exercise with multiple populations, but that these results 
have not yet been far reaching as they have been largely confined to small group instruction in 
clinical settings. These authors recommended increasing the availability of behavioral skill instruc-
tion to larger numbers of individuals via their introduction in naturalistic work-site programs, 
computer-based programs, or web-based behavior change programs. Wing et al.  (139)  presented an 
excellent summary of environmental challenges that need be navigated to promote increases in 
physical activity and intentional exercise in USA. These authors encourage the development of 
large-scaled interventions including improved community development to increase activity conven-
ience (e.g., sidewalks and improved lighting) and community program development (e.g., walking 
programs) to address the broad need to increase the general publics’ participation in regular physi-
cal activity. 

 Significant behavioral challenges exist in improving the physical activity levels of adults, adoles-
cents, and children in USA. Epidemiological data suggests that population rates of obesity and diabe-
tes are rapidly increasing and that sedentary lifestyle is independently related to chances of developing 
diabetes. Fortunately, the data reviewed in this chapter supports the benefits of increasing physical 
activity even by a relatively small amount and holds promise that both small- and large-scale activity 
programs might improve the fitness levels of the general population and someday reverse the alarming 
health trends of the last two decades.      
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Abstract

Medical nutrition therapy (MNT) is a cornerstone of treatment for the estimated 20.8 million people 
with diabetes in the United States. MNT is a more intensive and focused comprehensive nutrition therapy 
service that relies heavily on follow-up and provides repeated reinforcement to help change behavior. The 
long-term goal of medical nutrition therapy in diabetes is to prevent and/or delay diabetes complications 
by restoring metabolism to as close-to-normal as possible. Strategies used in MNT differ depending on 
the type of diabetes. In type 1 diabetes, the focus may be coordinating insulin treatment to diet and physi-
cal activity, and in type 2 diabetes, the focus may be weight reduction. This chapter will review the goals 
of MNT in type 1, type 2, and gestational diabetes. We will review macronutrient composition includ-
ing carbohydrate metabolism, micronutrient composition, and vitamin use in diabetes. We will clarify 
the terms used to describe carbohydrates and how they affect blood glucose (glycemic index, glycemic 
load, advanced glycosylation products, net carbohydrate, available carbohydrate, and glycemic glucose 
equivalent). Additionally, strategies for decreasing energy intake (lowering dietary energy density, reduced 
portion size, meal replacements, and structured meal plans) will be discussed. MNT is an integral com-
ponent of diabetes prevention, management, and self-management education. All care providers involved 
in diabetes treatment need to be knowledgeable about nutrition therapy to help individuals with diabetes 
achieve recommendations for a healthy lifestyle.

Key words: Medical nutrition therapy; Physical activity; Diabetes; Weight loss diets; Macronutrient 
composition.
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  OVERVIEW OF NUTRITIONAL ISSUES  

 Obesity and a sedentary lifestyle are associated with a worldwide increase in the prevalence of 
diabetes. Governmental and voluntary agencies in the USA and elsewhere are focusing on obesity, 
diabetes, and sedentary lifestyle as public health problems. In addition to exercise, medical nutrition 
therapy (MNT) is a cornerstone of treatment for the estimated 20.8 million people in the USA who 
have diabetes (14.6 million undiagnosed and 6.2 million diagnosed)  (1) . The global prevalence of 
diabetes is expected to more than double between 2000 and 2030 from 171 to 366 million  (2) . Despite 
the strong link between diabetes (type 2) and obesity, paradoxically populations that have been 
exposed to famine and individuals exposed to early undernutrition appear to have disproportionately 
high rates of diabetes  (3,   4) . The estimated proportion of the US population between 40 and 74 years 
of age with diabetes increased by 49% (from 8.9 to 12.3%) between the first and second National 
Health and Nutrition Examination Surveys, which were conducted in 1971–1975 and 1988–1991, 
respectively  (3) . Ironically, both low-birth weight and high-birth weight infants can be at increased 
risk for developing diabetes later in life. 

 Age, race, ethnicity, and body weight greatly affect the prevalence of diabetes mellitus (DM) 
 (5,   6) . Compared with Caucasians, the risk for developing type 2 DM (T2DM) is twofold greater in 
African Americans, 2.5-fold greater in Hispanic Americans, and fivefold greater in native Americans 
 (1,   2) . Other population groups at high risk for developing T2DM include Asian Indians and Pacific 
Islanders. 

 The risk for developing diabetes is closely linked to lifestyle and obesity  (5) . Lifestyle changes are 
therefore important in achieving metabolic control and need to be addressed to reduce the growing 
global public health burden of diabetes  (2,   3) . 

 Four basic types of DM are recognized: type 1 (formerly known as insulin-dependent or juvenile 
DM), type 2 (formerly known as noninsulin-dependent DM or adult-onset diabetes), gestational DM 
(hyperglycemia identified during pregnancy), and secondary diabetes (due to pancreatic damage or 
insulin resistance caused by other diseases or treatments)  (6) . T2DM accounts for 90–95% of all cases 
of diabetes. Development of T2DM is associated with insulin resistance and inadequate pancreatic 
beta-cell compensatory insulin production. Because of the growing public health burden of diabetes 
in the USA and throughout the world, and in the light of recent scientific data, three approaches to 
reduce the burden of diabetes are considered to be of importance  (7) :

   1.    Primary prevention of diabetes in individuals at high risk for ultimately developing this condition (controlling 
weight);  

   2.    Secondary prevention of diabetes complications (controlling the metabolic disorders associated with 
diabetes);  

   3.    Tertiary prevention (controlling and medically managing diabetes complications to reduce morbidity and 
mortality).     

 The “ABCs of Diabetes” campaign is designed to increase awareness of the goals for metabolic 
 control  (8) .

  •  A stands for HbA1c (<7%),  
 •  B for blood pressure (<130/80 mmHg),  
 •  C for low-density lipoprotein cholesterol (<100 mg/mL)  (9) .    

 This chapter focuses on the current evidence-based recommendations regarding the role of MNT 
in diabetes management to prevent diabetes complications, which is considered secondary 
prevention. 
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  Historical Perspective 
 Nutrition has been considered important in diabetes management, but specific dietary recommen-

dations have been debated for over 3,500 years. The first diabetes dietary recommendation from 
Papyrus Ebers in 1550 BC focused on eating carbohydrate-containing foods, but restriction of carbo-
hydrate containing foods emerged in the sixth century AD. During the seventeenth and eighteenth 
centuries recommendations varied from replacing sugar loss with a high carbohydrate diet to eating 
meat and fat and “avoiding” carbohydrate. During the nineteenth and early twentieth centuries, fasting 
and measured diabetic diets that limited carbohydrate were widely used, but some patients were 
treated with higher carbohydrate diets that focused on potatoes or oatmeal. High carbohydrates 
became the preparatory diet for glucose tolerance tests during the 1930s  (15,   16) . 

 Since the 1950s, the American Diabetes Association (ADA) has utilized expert groups to develop 
recommendations and educational materials for the nutritional management of diabetes  (9,   10) . 
Initially, the focus was on an “exchange system” for meal planning with precalculated meal plans to 
achieve a macronutrient distribution of 20% protein, 40% fat, and 40% carbohydrate. Recommendations 
focused on achieving ideal body weight, avoiding simple sugars, and individualizing programs within 
an exchange system approach. Gradually, as cardiovascular disease (CVD) complications became a 
larger part of diabetes, recommendations focused on decreasing dietary fat and increasing carbohydrate 
up to 60% of calories with a focus on the differing needs of patients with type 1 and type 2 diabetes. 
By 1994, the ADA focused on individualization based on dietitian assessment, with no specific 
recommendations for the balance between total fat and carbohydrate intake  (9,   10) . The ADA’s overall 
goal of nutrition recommendations is to achieve and maintain improvement in metabolic control to 
reduce the risk of acute and long-term diabetes complications. Standards of care and recommendations 
are reviewed by a multidisciplinary panel and published annually (clinical practice recommendations 
are found in   www.diabetes.org    ). Periodically, an expert nutrition panel conducts a more comprehensive 
literature review as a technical review or scientific statement to assure that nutrition recommendations 
address relevant advances in nutrition knowledge related to diabetes and its complications  (10–  15)  
[Table  1 ;  (16)] .      

  Rationale for MNT Distinct from Diabetes Self-Management Training 
 MNT for persons with diabetes may need to be distinguished from overall diabetes self-management 

training (DSMT) when addressing services with policymakers and third-party payer organizations 
 (17,   18) . The intent of DSMT is to provide overall guidance and is related to all aspects of diabetes 
self-management and glycemic control. MNT is a more intensive and focused comprehensive nutri-
tion therapy service that relies heavily on follow-up and provides repeated reinforcement to help 

 Table 1 
  Medical Nutrition Therapy Implementation Strategies for Type 2 Diabetes Mellitus  

If overweight, reduce calorie intake to achieve 5–10% weight loss.
Increase physical activity.
Monitor blood glucose approximately 4 times per day to assess pattern of glycemic control.
If postprandial glucose level is high, spread food intake throughout the day (using 5 or 6 small meals/snacks 

rather than having fewer larger ones).
Reduce and/or modify type of fat to achieve weight and lipid goals.
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change behavior. Issues of who decides on the content of MNT, what the scientific review process is, 
who delivers this important therapeutic approach, and how economic considerations should affect 
decisions vary greatly by health system, culture, and country  (17,   18) .   

  MEDICAL NUTRITION THERAPY IN DM  

 For persons with either type 1 or type 2 diabetes, management may necessitate several modalities. 
These include a variety of pharmacological agents, close personal and laboratory monitoring, for 
example, self-blood glucose testing, A1C and renal function testing, etc., and careful assessment by 
a variety of health professionals. 

 The long-term goal of MNT in diabetes is to prevent and/or delay diabetes complications by restoring 
metabolism to as close-to-normal as possible. The focus is on adjusting energy intake and expenditure 
to achieve a modest weight loss of  ∼ 10% and reducing the impact of CVD risk factors such as hyper-
tension and dyslipidemia. The distribution of macronutrient intake may vary based on a number of 
factors including matching insulin to lifestyle in type 1 DM (T1DM) and reducing cardiovascular risk 
factor in T2DM. MNT should begin with an assessment of how lifestyle relates to metabolic measures 
associated with diabetes and its comorbidities  (10,   11) . The assessment also addresses the interrela-
tionship of lifestyle and medications as they impact on the metabolic parameters. The concept of 
instructing patients to follow the diabetic diet is outdated and grossly oversimplifies the issues that 
need to be addressed in MNT. Medicaid, Medicare, and other third-party payers cover MNT provided 
by registered dietitians  (17) . Wide varieties of educational tools are used in conjunction with MNT. 
The diabetes exchange system was the primary tool used in teaching patient for many years, but car-
bohydrate counting and other tools are widely used in MNT. 

  MNT Approach in T1DM 
 The main role of MNT is to assist in trying to achieve and maintain metabolic normality in persons 

with T1DM. This means coordinating nutrition approaches with insulin treatment and physical activity, 
as well as strict monitoring of blood glucose levels throughout the day with self-blood glucose 
measurement. The process of intensifying T1DM management to improve glycemic control involves 
several stages as well as an individualized approach to insulin therapy, increasing physical activity, 
blood glucose monitoring, and nutrition therapy. The initial stage, usually lasting three to four visits, 
focuses on teaching basic skills needed by newly diagnosed patients, especially those with little or no 
previous nutrition or a history of poor glycemic control. Nutrition counseling emphasizes the consis-
tency of carbohydrate intake and eating times. Blood glucose monitoring provides information about 
the patterns of response. Patients need to master a basic understanding of the relationship between 
insulin action and lifestyle before moving on to learn more complex planning in order to achieve both 
better glycemic control, and a more flexible lifestyle. An initial bolus dose of insulin for covering 
meals or snack is often estimated based on carbohydrate intake (e.g., 1 unit per 15 g of carbohydrate). 
Gradually algorithms are developed to adjust insulin for changes in carbohydrate intake or physical 
activity. After mastering insulin adjustment and supplementation, patients learn to adjust insulin for 
changes in food or activity using a ratio of carbohydrate intake to insulin dosage  (13) .  

  MNT Approach in T2DM 
 Diet and exercise are cornerstones for diabetes management with emphasis on improving diabetes-

related health risk associated with overweight and obesity. Reducing cardiovascular risk is another 
primary goal for MNT in T2DM  (10,   14) . Current research is examining how much lifestyle intervention 
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and weight loss add to cardiovascular risk reduction in patients with T2DM, whose treatment also 
include control of cardiovascular risk factors  (20) . An earlier meta-analysis of lifestyle intervention 
weight loss studies in T2DM indicated that dietary intervention (often using very low calorie diets) 
achieves weight loss and improves glycemic control  (21) . Data from randomized, controlled clinical 
trials further indicate that combining physical activity, dietary change, and behavioral strategies 
achieves the best long-term weight loss. A modest weight loss of 5–10% body weight has been associated 
with improvements in glycemic control and cardiovascular risk factors  (5,   10) . 

 A multinational observational study, which did not evaluate lifestyle, found no improvement in 
morbidity or mortality associated with weight loss in individuals with T2DM  (22) . It is not known if 
undetected illness or unhealthy dietary habits may have affected the study results. An evidence-based 
review concluded that undertaking lifestyle changes to lose a modest amount of weight could improve 
health outcomes  (5) . 

 There is considerable interest in how dietary composition affects weight loss and health outcomes. 
One study evaluating the effects of a 381 J (1,600 kcal) isocaloric diet utilizing a 12-week parallel 
study found that energy restriction independent of dietary composition caused weight loss and 
improved glycemic control  (23) . Increasing monounsaturated fatty acids and carbohydrate were both 
effective as substitutes for saturated fat in lowering LDL cholesterol levels. The high carbohydrate 
diet reduced HDL cholesterol levels at weeks 4 and 8, but it returned to the baseline level by week 
12. A recent study by Samaha et al., compared a very low carbohydrate diet with a ketosis induction 
phase to a low fat diet, and included a subset of patients with T2DM. After 6 and 12 months on the 
diet, the diabetic patients in the low carbohydrate arm required less medication for diabetes and 
tended to have better HbA1c levels than those in the low fat arm  (24,   25) . Additional studies with a 
larger sample of patients with diabetes and a longer follow-up period are needed to assess the long-
term efficacy and safety of very low carbohydrates in diabetes management. 

 Much of the emphasis in T2DM is on controlling dyslipidemia and hypertension, which are 
exceedingly common comorbidities that are linked to cardiovascular complications. Various combina-
tions of antihyperglycemic agents are used to improve blood glucose levels because monotherapy is 
usually inadequate  (26) . Thus, patients with diabetes are likely to be on multiple medications and 
MNT is implemented within the context of overall diabetes management. Diabetes MNT can help 
achieve weight loss and improve metabolic parameters including glucose, blood pressure, and lipids 
levels. Potentially medication dosages and their side effects could be reduced by diabetes MNT.  

  MNT and Other Types of Diabetes 
  G estational   dm  

 The goal of diabetes therapy in gestational DM is to achieve and maintain euglycemia to improve 
pregnancy outcomes; reduce risks to the fetus/baby, such as macrosomia and perinatal complications; 
and perhaps reduce chances of fetal malnutrition, with subsequent increased risk for adult chronic 
diseases  (27–  29) . Women with gestational DM actually have nutrition requirements similar to those 
of other pregnant women but are much more likely to also be overweight.  

  S econdary  D iabetes  

 Secondary diabetes is the result of direct pancreatic injury (by trauma, pancreatitis, etc.) or of vari-
ous endocrine disorders (e.g., Cushing’s disease, acromegaly) leading to increased production of 
counterregulatory hormones. Some pharmacologic agents, such as, steroids and antipsychotic medi-
cations can also cause secondary diabetes by increasing insulin resistance or insulin requirements. 

 Managing secondary diabetes is very challenging, since it involves balancing the need for glycemic 
control with the treatment of the underlying disease. 
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 When possible, medications that treat the underlying disease should be modified to reduce the 
adverse effects on blood sugar levels (e.g., in treatment of severe asthma replace oral steroids, that 
have systemic effects, with inhaled steroids, that are only locally active) [Table  2 ;  (10)] .         

  MACRONUTRIENT ISSUES FOR THE MANAGEMENT OF DIABETES  

  Carbohydrate in Diabetes Management 
 Simple carbohydrate (sugar) refers often to mono- and disaccharides and complex disaccharides 

refer to polysaccharides. The most common natural monosaccharide is fructose, found in fruits and 
vegetables. 

 The term dextrose is used to refer to glucose. The most common disaccharides are sucrose (glucose 
+ fructose), lactose (glucose + galactose), and maltose (glucose + glucose). 

    A  large well-designed multicenter or multiple randomized clinical trials or well done meta-analyses,   B   examination of 
cohort follow-up studies or limited from one or more randomized trials,   C   more limited evidence from intervention studies, 
which may lack rigor with respect to the control group comparison, or more limited observation data,   E   expert consensus 
(but no evidence from clinical trial) 

 Table 2
   Evidence for MNT for Type 2 Diabetes Compared with Other Forms of Diabetes  

  Nutrition interventions for type 2 diabetes  

 Individuals with type 2 diabetes are encouraged to implement lifestyle modifications such as reduced intakes 
of energy, saturated and trans-fatty acids, cholesterol, and sodium and increase physical activity in an effort 
to improve glycemia, dyslipidemia, and blood pressure. (E) 

 Plasma glucose monitoring can be used to determine whether adjustments in foods and meals will be sufficient 
to achieve blood glucose goals or if medication(s) need to be combined with MNT. (E) 

  Nutrition interventions for type 1 diabetes  
 For individuals with type 1 diabetes, insulin therapy should be integrated into an individual’s food and physical 

activity pattern. (E) 
 Individuals using a rapid-acting insulin by injection or an insulin pump should adjust the meal and snack 

insulin doses based on the carbohydrate content of meals or snacks. (A) 

 For individuals using fixed daily insulin doses, carbohydrate intake on a day-to-day basis should be kept consis-
tent with respect to time and amount. (C) 

 For planned exercise, insulin doses can be adjusted. For unplanned exercise, extra carbohydrate may be needed. (E) 

  Nutrition interventions for pregnancy and lactation with diabetes  
 Adequate energy intake that provides for appropriate weight gain is recommended. Weight loss is not recom-

mended; however, for overweight and obese women with gestational diabetes, modest energy and carbohydrate 
restriction may be appropriate. (E) 

 Ketonemia from ketoacidosis or starvation ketosis should be avoided. (C) 
 Medical nutrition therapy for gestational diabetes focuses on food choices for appropriate weight gain, normo-

glycemia, and absence of ketones. (E) 
 Because gestational diabetes is a risk factor for subsequent development of type 2 diabetes, lifestyle modifica-

tions after delivery aimed at reducing weight and increasing physical activity are recommended. (A) 

  Special issues for older adults with diabetes  
 Obese older adults with diabetes may benefit from a modest energy restriction and an increase in physical 

activity; energy requirement may be less than for a younger individual of a similar weight. (E) 
 A daily multivitamin supplement may be appropriate, especially for those older adults with reduced energy intake. (C) 
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 Sucrose can be found in sugar cane, sugar beets, honey, and corn syrup; lactose can be found in 
milk products; and maltose in malt. 

 The control of blood glucose levels is a primary goal of diabetes management. Food and nutrition 
interventions that reduce postprandial blood glucose excursions are important in this regard since 
dietary carbohydrate is the major determinant of postprandial glucose levels. Low carbohydrate diets 
might seem to be a logical approach to lower postprandial glucose. However, carbohydrate containing 
foods can be important sources of energy, fiber, vitamins, and minerals  (10) . Issues related to dietary 
carbohydrate and glycemia have previously been extensively reviewed in ADA reports, and nutrition 
recommendations for the general public have been made. These recommendations can be summarized 
as eating a minimum of 130 g of carbohydrate per day, eating a variety of vegetables and fruit, 
consuming half of grains eaten as whole grains, and selecting fiber-rich options containing more than 
5 g of fiber per serving, for example, beans, peas, and high-fiber cereals  (10,   15,   30,   31) . 

 Blood glucose concentration in the postprandial state can vary based on the rate of appearance of 
glucose in the blood stream (digestion and absorption) and its clearance from the circulation  (11) . 
Insulin secretion normally maintains blood glucose in a narrow range. For people with diabetes, 
defects in insulin action, insulin secretion, or both impair regulation of postprandial glucose in 
response to dietary carbohydrate. Both the quantity and the type or source of carbohydrates found in 
foods can influence postprandial glucose levels  (10) .  

  Dietary Carbohydrate in Diabetes Management 
 A (2008) ADA statement addresses the effects of the amount and type of carbohydrate in diabetes 

management  (10) . As noted previously, the recommended daily allowance (RDA) for carbohydrate is 
a minimum of 130 g/day  (30) . Although there are no data specifically in patients with diabetes, the 
ADA considered the RDA in its decision to not recommend diets that restrict total carbohydrate to 
<130 g/day in the management of diabetes. The amount of carbohydrate ingested is usually the 
primary determinant of postprandial response. However, the type of carbohydrate can also affect this 
response. Intrinsic variables that influence the effect of carbohydrate-containing foods on blood 
glucose response include the specific type of food ingested, type of starch (amylose vs amylopectin), 
and style of preparation (cooking method and time, amount of heat or moisture used), and degree of 
processing. Extrinsic variables that may influence glucose response include fasting or preprandial 
blood glucose level, macronutrient distribution of the meal in which the food is consumed, available 
insulin and degree of insulin resistance  (10) . 

 A variety of terminologies is used to further describe carbohydrates and how they affect blood 
glucose. Glycemic index, glycemic load, formation of advanced glycosylation end products, net 
carbohydrate, available carbohydrate, and glycemic glucose equivalent are different terms reflecting 
ways in which the effects of carbohydrate on blood glucose can be classified. 

  G lycemic  I ndex  

 The glycemic index (GI) of foods was developed in 1981 as a method to compare the postprandial 
responses to constant amounts of different carbohydrate-containing foods while controlling for the 
amount of carbohydrate eaten  (32) . The GI of a food is the increase above fasting in the blood glucose 
area under the curve over 2 h after ingestion of a constant amount of that food (usually a 50-g carbo-
hydrate portion) divided by the response to a reference food (usually glucose or white bread)  (10) . 
The Food and Agriculture Organization of the United Nations and the World Health Organization 
issued an extensive report on various aspects of carbohydrate in the diet concluding that eating leg-
umes and potentially other foods with a lower GI may be helpful in preventing obesity  (33) . Slowly 
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absorbed foods could be beneficial because they trigger less of a rise and fall in blood glucose, and 
thus less of a rise and fall in insulin and other hormones involved in energy regulation. Numerous 
difficulties with using the GI as a basis for clinical advice have arisen. For instance, the GI values for 
a specific food can vary considerably. Published GI for boiled white rice, for instance, varied from 45 
to 112 (glucose = 100). Bananas ranged from 30 to 70, partially depending on their degree of ripeness. 
White durum-wheat semolina spaghetti varied from 46 to 65, depending on length of cooking time. 
The GI for different types of spaghetti (different brands, different types of wheat) varied even more 
widely. Prepared foods, which might be assumed to have manufacturing control of content, fared no 
better. Kellogg’s All-Bran Cereal ranged from 30 in Australia to 51 in Canada, and Doritos corn chips 
varied from 72 in 1985 to 42 in 1998  (34) . Pi-Sunyer has pointed out that simple preparation (mashing 
a potato) can change the GI by 25%. Other types of processing and cooking can further vary the GI 
value by adding fiber, sugar, or acids such as vinegar  (35) . 

 The role of insulin in regulating the postprandial glucose level needs to be considered, and the 
insulin response to a given food is not predictable as a dose response. Wolever et al.  (36)  demonstrated 
varied postprandial insulin responses among four different patient populations (lean, obese, impaired 
glucose tolerance, and overt diabetes) following meals with a relatively constant GI. Therefore GI is 
not a reliable predictor of insulin response. 

 Raben reviewed 31 studies that compared low-GI versus high-GI intake with respect to appetite or 
food intake. Approximately half the studies reported decreased hunger (or increased satiety) and 
decreased food intake with low-GI diets  (37) . Of the 28 studies where the energy, macronutrient, and 
fiber compositions of the diets were similar, it was an even split. Of three long-term studies of low- 
versus high-GI isoenergetic weight maintenance diets, two studies have shown a decrease in body 
weight and one an increase in body weight with a low-GI diet  (37) . Overall, many of these studies did 
not demonstrate a clear pattern of difference between low- and high-GI diets in terms of decreased 
food intake or weight loss. On the other hand, Pawlak et al.  (38)  noted that several single-meal studies 
demonstrated that GI is directly related to postprandial hunger and food intake. They have also 
pointed out that low-GI diets may have other benefits such as lowering triglycerides and raising 
high-density lipoprotein cholesterol. Contrary to the complaint that a low-GI diet is too complex for 
clinical use, in several studies of low-GI diets involving patient self-selection of food, patients 
described the diets as “simple and practical”  (38) . 

 The effects of dietary fiber on glycemic response and appetite may be important when considering 
the role of glycemic indexing. The addition of dietary fiber, which lowers GI and slows absorption of 
carbohydrate, has been shown to decrease hunger, and promote a negative energy balance  (38) . It has 
also been suggested that the classic studies showing the effectiveness of high-carbohydrate diets for 
glycemic control in people with diabetes were high in fiber, and therefore, “probably de facto low-GI 
diets”  (39) . 

 Studies evaluating effects of GI on weight are inconsistent, as are the studies of GI effects on 
glycemic control. Several randomized clinical trials have reported that low-GI diets reduce glycemia 
in diabetic subjects, but other clinical trials have not confirmed this effect  (11) . Moreover, the variability 
in GI responses to specific carbohydrate-containing food is a concern. Nevertheless, a recent meta-
analysis of trials using a low-GI diet in diabetic subjects demonstrated that such diets produced a 0.4% 
decrement in hemoglobin A1c when compared to high-GI diets  (39) .  

  G lycemic  L oad  

 The glycemic load of foods, meals, and diets are calculated by multiplying the GI of the constituent 
foods by the amounts of carbohydrate in each food and then totaling the values for all foods  (10) . 
Foods with low GIs include oats, barley, bulgur, beans, lentils, legumes, pasta, pumpernickel (coarse 
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rye) bread, apples, oranges, milk, yogurt, and ice cream. Fiber, fructose, lactose, and fat are dietary 
constituents that tend to lower glycemic response. Carrots illustrate the leveling effect of using 
glycemic load. Carrots have a high GI but contain relatively little carbohydrate, and thereby have 
modest glycemic load. In theory because a low-glycemic-load diet slows glucose absorption and 
lessens hyperinsulinemia, a low-glycemic-load diet may promote appropriate weight loss, improve 
cardiovascular health, and reduce diabetes. Along these lines, Ludwig has developed an alternative 
food pyramid based on the GI, which promotes intake of vegetables and fruits with secondary emphasis 
on reduced-fat dairy, lean protein, nuts, and legumes  (40) .  

  A dvanced  G lycoxidation  E nd  P roducts  

  Advanced glycoxidation end products  ( AGEs ) are formed when sugars become nonenzymatically 
attached to proteins  (41) . When heat is applied to foods containing sugar, protein cross-linking of the 
glycated proteins can reduce tissue elasticity and impede cellular function. The AGEs are associated 
with microvascular and macrovascular diabetic complications. Diet is an underappreciated source of 
AGE toxicity and food preparation impacts AGE content. High temperature cooking (broiling, grilling, 
frying, roasting) increases significantly the AGE content, while lower temperature cooking for shorter 
times and with more water (boiling, steaming) is responsible for smaller increases in AGE. An esti-
mated 10% of AGEs ingested enter the circulation, and two-thirds of those absorbed are retained. 
Normal renal function is important to AGE clearance, since renal impairment decreases the clearance 
of AGEs in both diabetic and nondiabetic populations. Diet changes aimed at reducing the AGE 
content of food are effective, feasible, and in concordance with the current recommendations of 
American Diet Association and American Heart Association  (41) .  

  “N et ” C arbohydrate  and  “A vailable ” C arbohydrate  

 “Net” and “available” carbohydrates are terms used to describe the metabolically available carbo-
hydrate in food products. Net carbohydrate for food labels is not a standardized calculation. For some 
food products, net carbohydrate is being calculated by subtracting the grams of fiber from the total 
carbohydrate content  (46) . However, for many other products the sugar alcohol content is also 
subtracted. Subtracting the fiber content appears to be reasonable because it does not appreciably 
affect energy intake. However, the sugar in alcohol can substantially increase energy intake. 

 By definition, available carbohydrate is that “absorbed via the small intestine and used in metabolism,” 
and it was originally seen as that component of carbohydrate that should be considered in regulating 
blood glucose control in diabetes  (55) . Theoretically, carbohydrate would be classified as “unavailable,” 
as it would not affect blood glucose response because it is not absorbed. More recently, it has been 
suggested that unavailable carbohydrates be subdivided based on whether the carbohydrate is subject 
to fermentation  (55) . Classifying food based on glycemic response  (32,   39)  is not consistent with the 
original purpose of classifying carbohydrates as available or unavailable as described by the Food and 
Agriculture Organization in 1998. Available carbohydrate (approx. 4 cal/g) has gross energy that 
is used fully to fuel metabolism. Unavailable carbohydrate such as sugar alcohol (approx. 2 cal/g) 
contributes 50% of its gross energy to fuel metabolism. Nonfermentable carbohydrate such as fiber is 
excreted unchanged and makes no appreciable contribution to caloric intake  (42,   43) .  

  G lycemic  G lucose  E quivalent  

 Glycemic glucose equivalent is the glycemic load per 100-g fresh weight or per serving  (44–  46) . 
The glycemic glucose equivalent can be determined directly based on the glycemic response without 
the need to analyze the available carbohydrate (or other component) in the food. 

 Prior research has included the use of total carbohydrate, total carbohydrate less dietary fiber, and 
directly available carbohydrate to define the type of carbohydrates that influence the glycemic 
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response. Among these representations of available carbohydrate, several methods are available for 
the dietary fiber analysis required, and analysts may or may not include nondigestible oligosaccha-
rides with dietary fiber. Direct determinations of available carbohydrate may or may not capture 
digestible oligosaccharides. The mode of expression of available carbohydrate is a source of variation 
between authors; some authors use available carbohydrate by difference (the actual weight of the 
available carbohydrate plus the sum of errors in all other components), some authors use the sum 
weight of sugars, dextrins, and starches determined directly and some authors use adjustment or more 
direct determination as “monosaccharide equivalents.” There can also be a 20% difference in the 
levels (mol/g carbohydrate) of waters of hydration and condensation (excluding moisture)  (47) . While 
the glycemic glucose equivalent has many potentially attractive features, food classification using this 
approach is not available for use in the clinical management of diabetes or in diabetes MNT. 
Nonetheless, testing postmeal glucose response is useful in helping compare foods for which the 
amount of carbohydrate and its glycemic effects are difficult to separate. 

 In diabetes management, it is important to match doses of insulin and insulin secretagogues to the 
carbohydrate content of meals. A variety of methods can be used to estimate the nutrient content of 
meals including carbohydrate counting, the exchange system, and experience-based estimation. By 
testing pre- and postprandial glucose, many individuals use experience to evaluate and achieve 
postprandial glucose goals with a variety of foods.  

  F iber  

 People with diabetes are encouraged to include in there daily intake foods such as legumes, fiber-
rich cereals (>5 g of fiber per serving), fruits, vegetables, and whole grain products because they 
provide vitamins, minerals, and other substances important for good health. Additionally, there are 
data suggesting that consuming a high fiber diet (~50-g fiber per day) reduces glycemia in subjects 
with T1DM and glycemia, hyperinsulinemia, and lipemia in subjects with T2DM  (15) . Palatability, 
limited food choices and gastrointestinal side effects are potential barriers to achieving such high fiber 
intakes. However, increased fiber intake appears to be desirable for people with diabetes and a first 
priority might be to encourage these individuals to achieve the fiber intake goals set for the general 
population of 14 g/1,000 kcal  (30) .  

  S weeteners  

 Substantial evidence from clinical studies demonstrates that dietary sucrose does not increase 
glycemia more than isocaloric amounts of starch  (15) . Thus, intake of sucrose and sucrose-containing 
foods by people with diabetes does not need to be restricted because of concern about aggravating 
hyperglycemia. Sucrose can be substituted for other carbohydrate sources in the meal plan or, if added 
to the meal plan, adequately covered by taking insulin or another glucose-lowering medication. 
Additionally, intake of other nutrients ingested with sucrose, such as fat, needs to be taken into 
account to avoid excess energy intake. 

 In individuals with diabetes, fructose produces a lower postprandial glucose response when it 
replaces sucrose or starch in the diet; however, this benefit is tempered by concern that fructose may 
adversely affect plasma lipids  (15,   30) . 

 Much of the carbohydrate consumed today is in the form of high-fructose corn syrup, which 
usually contains 55% fructose. Sucrose or common table sugar is 50% fructose. Overall, the hormonal 
pattern seen with ingestion of fructose is the opposite of that seen with glucose. Fructose does not 
require insulin for cell uptake and many aspects of its metabolism. Thus, insulin secretion is not 
increased, and leptin (a hormone known to suppress appetite) appears to be reduced. Additionally, 
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hormones such as ghrelin that stimulates appetite and are reduced postprandially do not appear to be 
suppressed with fructose ingestion  (48) . 

 The increase in fructose consumption and the pattern of hormonal response to fructose intake has 
led Bray to suggest that fructose, especially as high-fructose corn syrup in beverages, contributes to 
the epidemic of obesity in the USA  (49) . Compared with eucaloric glucose ingestion, fructose inges-
tion favors de novo lipogenesis, which could increase adiposity. Theoretically, fructose intake could 
increase overall food intake because of decreased satiety, resulting from its effects on ghrelin, leptin, 
and insulin  (48,   49) . 

 Fructose is also associated with other negative metabolic states. Animal studies have shown a rela-
tionship between fructose intake and insulin resistance, possibly through decreases in adiponectin – a 
protein released by adipocytes that improves insulin sensitivity  (50) . 

 Although it has not been shown in humans  (51) , high-fructose diets can cause hypertension in dogs 
and rodents  (52) . Additionally, when fructose has been added to a high-fiber, high-carbohydrate, 
low-fat diet used by people with T2DM, glucose levels improved, but they gained weight  (53) . 

 The use of added fructose as a sweetening agent in the diabetic diet is not recommended  (10) . 
There is however, no reason to recommend that people with diabetes avoid naturally occurring fructose 
in fruits, vegetables, and other foods. Fructose from these sources usually accounts for only 3–4% of 
energy intake  (10) . 

 Reduced calorie sweeteners approved by the FDA include sugar alcohols (polyols) such as erythritol, 
isomalt, lactitol, maltitol, mannitol, sorbitol, xylitol, tagatose, and hydrogenated starch hydrolysates. 
Studies of subjects with and without diabetes have shown that sugar alcohols produce a lower 
postprandial glucose response than sucrose or glucose and have lower available energy  (15) . Sugar 
alcohols contain, on average, about 2 cal/g (1/2 the calories of other sweeteners such as sucrose). 
When calculating carbohydrate content of foods containing sugar alcohols, subtraction of one-half of 
sugar alcohol grams from total carbohydrate grams is appropriate. Use of sugar alcohols as sweeteners 
reduces the risk of dental caries. However, there is no evidence that the amounts of sugar alcohols 
likely to be consumed will reduce glycemia, energy intake, or weight. The use of sugar alcohols 
appears to be safe; however, they may cause diarrhea, especially in children. 

 FDA approved nonnutritive sweeteners include acesulfame potassium, aspartame, neotame, 
saccharin, and sucralose. Before being allowed on the market, all underwent rigorous scrutiny and 
were shown to be safe when consumed by the public, including people with diabetes and women 
during pregnancy. Clinical studies involving subjects without diabetes provide no indication that 
nonnutritive sweeteners in foods will cause weight loss or weight gain  (54) .  

  R esistant  S tarch /H igh  A mylose  F oods  

 Although there are no published long-term studies in subjects with diabetes to prove benefit from 
the use of resistant starch, it has been proposed that foods containing resistant starch (starch physically 
enclosed within intact cell structures as in some legumes, starch granules as in raw potato, and retro-
grade amylose from plants modified by plant breeding to increase amylose content) or high amylose 
foods such as especially formulated cornstarch may modify postprandial glycemic response, prevent 
hypoglycemia, and reduce hyperglycemia  (10) . 

 The challenge of translating the carbohydrate-related recommendations into practical clinical advice 
involves prioritizing intervention steps to focus on metabolic goals. Therefore, for patients whose 
HbA1C is greater than 7% or who have the goal of normal postmeal glucose, the steps could include:

   1.    Monitor blood glucose 1–2 h after eating (normal values are <140 mg/dL 2 h after the meal, but goals need 
to be individualized based on the risk of hypoglycemia)  
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   2.    Determine if the amount of carbohydrates eaten is contributing to any post meal elevation (keeping the 
amount of carbohydrate consistent will make assessing the effects on postprandial glucose easier)  

   3.    Examine the portion size, especially accounting for potential errors in estimating how many grams of carbo-
hydrate may be in foods with variable portion size (e.g., pasta, bagels, muffin)  

   4.    Examine components of carbohydrate such as fiber in legumes that may affect the postprandial response and 
the glycemic load of food intake.     

 These steps are designed to help guide decision making with respect to the amount and type of car-
bohydrate eaten  (55) .   

  Dietary Fat and Cholesterol in Diabetes Management 
 The primary goal with respect to dietary fat in individuals with diabetes is to limit saturated fatty 

acids, trans-fatty acids and cholesterol intakes to reduce risk for CVD. Saturated and trans-fatty acids 
are the principal dietary determinants of plasma LDL cholesterol. In nondiabetic individuals, reducing 
saturated and trans-fatty acids and cholesterol intakes decreases plasma total and LDL cholesterol. 
Reducing saturated fatty acids may also reduce HDL cholesterol. Importantly, the ratio of LDL 
cholesterol to HDL cholesterol is not adversely affected. Studies in individuals with diabetes demon-
strating the effects of specific percentages of dietary saturated and trans-fatty acids and specific 
amounts of dietary cholesterol on plasma lipids are not available. Therefore, because of a lack of 
specific information, it is recommended that the dietary goals for individuals with diabetes be the 
same as for individuals with preexisting CVD, since the two groups appear to have equivalent cardio-
vascular risk. Thus, saturated fatty acids <7% of total energy, minimal intake of trans-fatty acids, and 
cholesterol intake <200 mg daily are recommended  (10) . 

 In metabolic studies in which energy intake and weight are held constant, diets low in saturated 
fatty acids and high in either carbohydrate or  cis -monounsaturated fatty acids lowered plasma LDL 
cholesterol equivalently  (50,   54) . The high carbohydrate diets (~55% of total energy from carbohy-
drate) increased postprandial plasma glucose, insulin, and triglycerides when compared to high 
monounsaturated fat diets. However, high monounsaturated fat diets have not been shown to improve 
fasting plasma glucose or hemoglobin A1c values. In other studies when energy intake was reduced, 
the adverse effects of high carbohydrate diets were not observed  (23,   57) . Individual variability in 
response to high carbohydrate diets suggest plasma triglyceride response to dietary modification 
should be monitored carefully, particularly in the absence of weight loss. 

 Diets high in polyunsaturated fatty acids appear to have effects similar to monounsaturated fatty 
acids on plasma lipid concentrations  (58–  61) . A modified Mediterranean diet, in which polyunsatu-
rated fatty acids were substituted for monounsaturated fatty acids, reduced overall mortality in elderly 
Europeans by 7%  (62) . Very long chain n-3 polyunsaturated fatty acid supplements have been shown 
to lower plasma triglyceride levels in individuals with T2DM who are hypertriglyceridemic. Although 
the accompanying small rise in plasma LDL cholesterol is of concern, an increase in HDL cholesterol 
may offset this concern  (63) . Glucose metabolism is not likely to be adversely affected. Very long 
chain n-3 polyunsaturated fatty acid studies in individuals with diabetes have primarily used fish oil 
supplements. Consumption of omega-3 fatty acids from fish or from supplements had been shown to 
reduce adverse CVD outcomes, but the evidence for alpha-linolenic acid is sparse and inconclusive 
 (64) . In addition to providing n-3 fatty acids, fish frequently displace high saturated fat containing 
foods from the diet  (65) . Two or more servings of fish per week (with the exception of commercially 
fried fish filets)  (66,   67)  is recommended. 

 Plant sterol and stanol esters block the intestinal absorption of dietary and biliary cholesterol. 
In the general public and in individuals with T2DM  (68) , plant sterols and stanols in amounts of 
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approximately 2 g/day have been shown to lower plasma total and LDL cholesterol. A wide range of 
foods and beverages are now available, which contain plant sterols. If these products are used, they 
should displace, rather than be added to the diet to avoid weight gain. Soft gel capsules containing 
plant sterols are also available.  

  Protein in Diabetes Management 
 The Dietary Reference Intakes’ (DRI) acceptable macronutrient distribution range for protein is 

10–35% of energy intake with 15% being the average adult intake in the USA and Canada. The RDA 
is 0.8 g of good quality protein/kg body weight per day (on average, about 10% of calories)  (30) . 
Good quality protein sources are defined as having high PDCAAS (protein digestibility corrected 
amino acid scoring) scores and provide all nine indispensable amino acids. Examples are meat, poultry, 
fish, eggs, milk, cheese, and soy. Excluded from the “good” category are cereals, grains, nuts, and 
vegetables. In meal planning, protein intake should be greater than 0.8 g/kg/day to account for mixed 
protein quality in foods. 

 Dietary intake of protein should be similar in individuals with diabetes compared to that of the 
general public and usually does not exceed 20% of energy intake. A number of studies in healthy 
individuals and in individuals with T2DM have demonstrated that glucose produced from ingested 
protein does not increase plasma glucose concentration but does produce increases in serum insulin 
responses  (50,   69) . Abnormalities in protein metabolism may be caused by insulin deficiency and 
insulin resistance; however, these are usually corrected with good blood glucose control  (70) . There 
is increasing interest in the role of protein in weight loss, which is vitally important in diabetes 
management. Utilizing protein as energy is less efficient than carbohydrate and fat because of the 
energy requirements for breakdown and utilization of protein and amino acids. Therefore, increasing 
protein could theoretically be beneficial in a weight loss program  (57) . 

 Small, short-term studies in diabetes suggest that diets with protein content greater than 20% of 
total energy reduce glucose and insulin concentrations, reduce appetite, and increase satiety  (71,   72) . 
However, the effects of high protein diets on long-term regulation of energy intake, satiety, weight, 
and the ability of individuals to follow such diets long term have not been adequately studied. 

  O ptimal  M ix   of  M acronutrients  

 Although numerous studies have attempted to identify the optimal mix of macronutrients for the 
diabetic diet, it is unlikely that one such combination of macronutrients exists  (10) . The daily balance 
of carbohydrate, protein, and fat varies based on individual circumstances. For those individuals seeking 
guidance as to macronutrient distribution in healthy adults, the DRIs may be helpful  (30) . The DRI 
report recommends that, to meet the body’s daily nutritional needs while minimizing risk for chronic 
diseases, healthy adults should consume 45–65% of total energy from carbohydrate, 20–35% from fat, 
and 10–35% from protein. It must be clearly recognized that regardless of the macronutrient mix, total 
caloric intake must be appropriate to weight management goals. Additionally the above ranges should 
be modified, as needed, based on the previously stated considerations for each macronutrient group.   

  Alcohol in Diabetes Management 
 For people with a history of alcohol abuse or dependence, women during pregnancy, and people 

with medical problems (pancreatitis, liver disease advanced neuropathy, severe hypertriglyceridemia) 
abstention from alcohol should be advised  (10) . If individuals choose to consume alcohol, intake 
should be limited to a moderate amount (less than one drink per day for adult women and less than 
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two drinks per day for adult men). One alcohol-containing beverage is defined as 12-oz beer, 5-oz 
wine, or 1.5-oz distilled spirits. Each contains ~15-g alcohol. 

 Moderate amounts of alcohol when ingested with food have a minimal but acute effect on plasma 
glucose and serum insulin concentrations. However, carbohydrate ingested together with alcohol may 
raise blood glucose. Caution is needed to reduce the risk of hypoglycemia in patients whose treatment 
includes insulin or insulin secretagogues. Evening consumption of alcohol may increase the risk of 
nocturnal and fasting hypoglycemia. When an alcoholic beverage is consumed, no decrease in calories 
from other sources should be made. Excessive amounts of alcohol (three or more drinks per day) on 
a consistent basis, contribute to hyperglycemia  (73) . 

 In individuals with diabetes, as with the general population, light to moderate alcohol intake (1–2 
drinks per day; 15–30 g of alcohol) is associated with a decreased risk of coronary heart disease 
(CHD)  (73) . The reduction in CHD does not appear to be due to an increase in plasma HDL choles-
terol. The type of alcohol-containing beverage consumed does not appear to make a difference. The 
ADA and other health organizations recommend limiting alcoholic beverages to two drinks per day 
for men and one per day for women  (10) .  

  Micronutrients in Diabetes Management 
 Uncontrolled diabetes is often associated with micronutrient deficiencies  (74) . Individuals with 

diabetes should be aware of the importance of acquiring daily vitamin and mineral requirements from 
natural food sources and a balanced diet. In select groups such as the elderly, pregnant or lactating 
women, strict vegetarians, or those on calorie-restricted diets, a multivitamin supplement may be 
needed  (15) . 

  A ntioxidants   in  D iabetes  M anagement  

 Since diabetes is a state of increased oxidative stress, there has been great interest in antioxidant 
therapy. Unfortunately, there are no studies examining the effects of dietary intervention on circula-
ting levels of antioxidants and inflammatory biomarkers in diabetic volunteers. The few small clinical 
studies involving diabetes and functional foods thought to have high antioxidant potential (tea, cocoa, 
and coffee) are inconclusive. Clinical trial data not only indicate the lack of benefit with respect to 
glycemic control and progression of complications but also provide evidence of the potential harm of 
vitamin E, carotene, and other antioxidant supplements  (8,   75,   76) . In addition, available data do not 
support the use of antioxidant supplements for CVD risk reduction  (77) .   

  Chromium, Other Minerals, and Herbs in Diabetes Management 
 Chromium, potassium, magnesium, and possibly zinc deficiency may aggravate carbohydrate 

intolerance. Serum levels can readily detect the need for potassium or magnesium replacement, but 
detecting deficiency of zinc or chromium is more difficult  (78) . 

 Chromium is found in tissues throughout the body. A chromium-containing compound commonly 
known as glucose tolerance factor is involved in glucose homeostasis. Severe chromium deficiency is 
associated with glucose intolerance. In the late 1990s, a randomized, placebo-controlled, clinical trial 
conducted on 180 patients with T2DM in China studied the effect of chromium supplementation on 
cholesterol levels and glycemic control. In this study, supplemental chromium had significant beneficial 
effects on HbA1c, glucose, insulin, and cholesterol variables in subjects with type 2 diabetes. The bene-
ficial effects of chromium in individuals with diabetes, however, were observed at levels higher than the 
upper limit of the Estimated Safe and Adequate Daily Dietary Intake  (79) . Additionally, the chromium 
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status of the study populations was not evaluated either at baseline or following supplementation. In an 
uncontrolled study of 13 patients treated with corticosteroids, chromium picolinate supplementation 
reduced the rise in fasting glucose and the need for antihyperglycemic medication  (80) . 

 Data from recent small studies indicate that chromium supplementation may have a role in the 
management of glucose intolerance, gestational diabetes, and corticosteroid-induced diabetes  (81–  83) . 
However, other well-designed studies have failed to demonstrate any significant benefit of chromium 
supplementation in individuals with impaired glucose intolerance or T2DM  (84,   85) . Similarly, a 
meta-analysis of randomized controlled trials failed to demonstrate any benefit of chromium picoli-
nate supplementation in reducing body weight  (86) . The FDA concluded that although a small study 
suggested that chromium picolinate may reduce insulin resistance, the existence of such a relationship 
between chromium picolinate and either insulin resistance or T2DM was uncertain. However, most 
patients with diabetes do not appear to be chromium deficient, and further studies are needed to deter-
mine for whom chromium supplementation could improve carbohydrate metabolism  (79) . 

 Magnesium is a cofactor in various enzyme pathways involved in glucose oxidation, and it modulates 
glucose transport across cell membranes. It may increase insulin secretion and/or improve insulin 
sensitivity and peripheral glucose uptake. It has not been shown to have an effect on hepatic glucose 
output and nonoxidative glucose disposal  (78,   87) . 

 Poorly controlled diabetes can induce hypomagnesemia by increasing urinary excretion, and 
hypomagnesemia can increase insulin resistance  (89) . The clinical usefulness of supplementation, 
which is usually by intake of magnesium-based antacids, for patients with T2DM and insulin resis-
tance, is not established. Studies have examined magnesium’s potential role in the evolution of 
such complications as neuropathy, retinopathy, thrombosis, and hypertension. However, its role in 
glycemic control is unknown. 

 Because magnesium is an intracellular cation, it is difficult to measure it accurately, and total body 
stores are seldom measured. Of the seven RCT s examining magnesium supplementation for glycemic 
control in diabetes, only two small trials from one investigator group ( n  = 8 and  n  = 9) reported a 
decrease in fasting plasma glucose and increase in postprandial insulin  (87,   88) . Several trials did not 
observe a change in blood glucose or HbA1c  (89–  91) . One trial ( n  = 128) did find a decrease in serum 
fructosamine, a short-term marker of glycemic control  (89) . Another study ( n  = 40) reported one 
subject with an exanthema and one who had transient gastrointestinal pain with magnesium supple-
mentation  (90) . The available data for magnesium are mixed, and thus the evidence for efficacy in 
diabetes is inconclusive. 

 Other inorganic trace elements such as vanadium, copper, iron, potassium, sodium, and nickel may 
play an important role in the maintenance of normoglycemia by activating the beta cells of the 
pancreas, and sources of these elements are often contained in various alternative/complementary 
medications. For example, analysis of the mineral content of the leaves from four Asian traditional 
medicinal plants ( Murraya koenigii ,  Mentha piperitae ,  Ocimum sanctum , and  Aegle marmelos ) 
yielded moderate levels of copper nickel, zinc, potassium and sodium, which may account for the 
therapeutic benefit if the basic food supply is inadequate  (91) . The seven most promising supplements 
at present include  Coccinia indica ,  American ginseng ,  Momordica charantia , nopal,  l -carnitine, 
 Gymnema sylvestre ,  Aloe vera , and vanadium. 

 Until more definitive studies help to clarify our questions, clinicians should remain cautious, yet 
open-minded, regarding adjunctive use of these supplements. One clinical study that evaluated the 
effects of a multivitamin supplement on quality of life and missed days of activity found some benefit 
for the subgroup with diabetes and those over 65 years of age  (92) . A survey of providers of alterna-
tive therapies used in diabetes found that the 10 most commonly recommended supplements were 
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biotin, vanadium, chromium, vitamin B6, vitamin C, vitamin E, zinc, selenium, alpha-lipoic acid, and 
fructooligosaccharides, and the most commonly recommended herbal supplements uses were 
gymnema, psyllium, fenugreek, bilberry, garlic, Chinese ginseng, dandelion, burdock, prickly pear 
cactus, and bitter melon  (93) . While antioxidant nutrients appear to play a role in reducing oxidative 
stress and possibly in increasing insulin sensitivity, there is insufficient evidence at present to warrant 
making any specific recommendation about use of these substances in diabetes management  (9,   10) . 
Having an open dialogue about the use of alternative therapies provides the opportunity to explore 
how they may interact with prescribed medications beneficially or harmfully  (93) . 

  V itamins   in  D iabetes  M anagement  

  Vitamin C . In a trial conducted by Eriksson and Kohvakka, high doses of vitamin C (2 g/day) 
showed a beneficial effect for type 2 diabetic patients, improving the glycemic control (decreasing 
both fasting glucose and HbA1c) and the lipid profile, while magnesium supplements did not influ-
ence the glycemic control or the lipid profile in the same group of subjects  (94) . 

 The B Vitamin Group represents a final category to consider, particularly thiamin, riboflavin, 
niacin, and vitamin B6 – all of which are involved in glucose metabolism. Among persons with poorly 
controlled diabetes and polyuria associated with hyperglycemia, requirements may be altered by 
excess excretion. Nicotinic acid (niacin) + independently can worsen glycemic control when it is used 
to treat hyperlipidemia, but uncontrolled studies suggest it may also potentially help protect beta cell 
function from autoimmune destruction  (95,   96) . Folate and vitamin B12 levels play a role in homo-
cysteine metabolism, and plasma levels of these nutrients are inversely related to homocysteine levels. 
In patients with T2DM, plasma homocysteine concentration is a significant predictor of cardiovascu-
lar events and death, perhaps due to worsening of endothelial dysfunction and/or structural vessel 
properties induced by oxidative stress  (95) . Of interest, elevated fasting homocysteine levels appear 
to be a biomarker for subsequent development of T2DM in women  (96) . However, to confirm that a 
particular measurement is actually a risk factor (vs a risk marker), it is desirable that a randomized 
controlled trial be conducted to show that the alteration in the compound being measured is associated 
with benefits to patients. Such clinical trials are still pending, so that evidence-based advice can be 
developed in the future. 

 There is insufficient evidence to demonstrate efficacy of individual herbs and supplements in 
diabetes management  (97) . In addition, commercially available products are not standardized and 
vary in the content of active ingredients. Herbal preparations also have the potential to interact with 
other medications  (98) . Therefore, it is important that health care providers be knowledgeable about 
the use of these products by their patients and be on alert for possible side effects [Table  3  ; Nutrition 
Recommendations  (10)] .     

  OBESITY AND WEIGHT LOSS ISSUES  

 People with T2DM experience more difficulty losing weight than their overweight spouses  (99) . 
However, a weight loss of as little as 10 lb or 5% of body weight has resulted in improved metabolic 
control  (99) . In addition, modest weight losses of at least 15 lb have been associated with significant 
improvements in glycemic control, fasting blood glucose, insulin levels, HDL cholesterol, and trigly-
ceride levels within the first year in people with T2DM, whereas those who gained weight had significant 
worsening of glycemic control  (100) . The treatment goal is to achieve a 5–10% weight loss in 6 
months with a comprehensive approach that combines dietary, physical activity, and behavior inter-
vention [Table  4 ;  (10)] .      



Carbohydrate A dietary pattern that includes carbohydrate from fruits, vegetables, whole grains, 
legumes, and low-fat milk is encouraged for good health. (B)

Monitoring carbohydrate, whether by carbohydrate counting, exchanges, or experi-
enced-based estimation remains a key strategy in achieving glycemic control. (A)

The use of glycemic index and load may provide a modest additional benefit over 
that observed when total carbohydrate is considered alone. (B)

Sucrose-containing foods can be substituted for other carbohydrates in the meal 
plan or, if added to the meal plan, covered with insulin or other glucose-lowering 
medications. Care should be taken to avoid excess energy intake. (A)

As for the general population, people with diabetes are encouraged to consume a vari-
ety of fiber-containing foods. However, evidence is lacking to recommend a higher 
fiber intake for people with diabetes than for the population as a whole. (B)

Sugar alcohols and non-nutritive sweeteners are safe when consumed within the 
daily intake levels established by the Food and Drug Administration. (A)

Fat and cholesterol Limit saturated fat to <7% of total calories. (A)
Intake of trans-fat should be minimized. (E)
In individuals with diabetes, low dietary cholesterol to <200 mg/day. (E)
Two or more servings of fish per week (with the exception of commercially fried 

fish filets) provide n-3 polyunsaturated fatty acids and are recommended. (B)
Protein For individuals with diabetes and normal renal function, there is insufficient evidence 

to suggest that usual protein intake (15–20% of energy) should be modified. (E)
In individuals with type 2 diabetes, ingested protein can increase insulin responses 

without increasing plasma glucose concentrations. Therefore, protein should not 
be used to treat acute or prevent night-time hypoglycemia. (A)

High-protein diets are not recommended as a method for weight loss at this time. 
The long-term effects of protein intake >20% of calories on diabetes management 
and its complications are unknown. Although such diets may produce short-term 
weight loss and improved glycemia, it has not been established that these benefits 
are maintained long-term. (E)

Alcohol If adults with diabetes choose to use alcohol, daily intake should be limited to a 
moderate amount (one drink per day or less for women and two drinks per day or 
less for men). (E)

To reduce risk of nocturnal hypoglycemia in individuals using insulin or insulin 
secretagogues, alcohol should be consumed with food. (E)

In individuals with diabetes, moderate alcohol consumption (when ingested alone) 
has no acute effect on glucose and insulin concentrations but carbohydrate 
co-ingested with alcohol (as in a mixed drink) may raise blood glucose. (B)

Micronutrients There is no clear evidence of benefit from vitamin or mineral supplementation in 
people with diabetes (compared to the general population) who do not have 
underlying deficiencies. (A)

Routine supplementation with antioxidants, such as vitamins E and C and carotene, 
is not advised because of lack of evidence of efficacy and concern related to long-
term safety. (A)

Benefit from chromium supplementation in persons with diabetes or obesity has not 
been clearly demonstrated and therefore cannot be recommended. (E)

 Table 3  
  Nutrients Recommendations for Managing Diabetes  

   A   large well-designed multicenter or multiple randomized clinical trials or well done meta-analyses,    B  examination of 
cohort follow up studies or limited from one or more randomized trials,   C   more limited evidence from intervention studies, 
which may lack rigor with respect to the control group comparison, or more limited observation data,   E   expert consensus 
(but no evidence from clinical trials) 
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  Energy Intake and Nutrient Composition 
 Weight loss occurs when energy expenditure exceeds energy intake. An energy deficit of 500–1,000 

kcal/day will result in a loss of ~1–2 pounds/week and an average total weight loss of about 8% after 
6 months. A variety of diets have been proposed to treat obesity. Although many different dietary 
approaches may result in short-term weight loss, the limitation of most diets is poor long-term compli-
ance and weight regain. The optimal dietary macronutrient composition that facilitates lasting and 
safe weight loss is not known  (101) . 

 A low-fat (e.g., 25–30% of calories from fat) diet is considered the conventional therapy for treat-
ing obesity. Data obtained from obese persons who were successful at maintaining long-term weight 
loss  (102) , diet intervention trials designed to decrease the risk of CVD  (103) , and randomized con-
trolled trials that evaluated diet therapy for obesity indicate that decreasing dietary fat intake (to 
25–30% of total calories) results in decreased total energy intake and weight loss. Data regarding the 
long-term effect of a very-low-fat diet ( ∼ 15% of total calories from fat) on weight loss are limited 
because few studies have successfully achieved this level of intake  (104) . 

 Additionally, in some diabetic patients, the concomitant increase in carbohydrate intake can exac-
erbate the dyslipidemia (elevated triglyceride, low HDL cholesterol levels) frequently associated with 
insulin resistance/T2DM  (105–  108) . 

 There has been an increasing interest in the use of low-carbohydrate diets as therapy for obesity. 
The results of five randomized controlled trials in adults  (24,   25,   109–  111)  found that subjects rand-
omized to a low-carbohydrate, high-protein/high-fat diet ( ∼ 25–40% carbohydrate) achieved greater 
short-term (6 months)  (24,   109,   110) , and similar long-term (12 months)  (24,   25) , weight loss com-
pared to a low-fat diet (~25–30% fat, 55–60% carbohydrate). The data from these studies also found 
greater improvements in serum triglycerides and HDL cholesterol concentrations, but not in serum 
LDL-cholesterol concentration, in the low-carbohydrate compared to the low-fat group. In addition, 
glycemic control was better with low-carbohydrate than low-fat diet therapy in subjects who had 
T2DM  (24,   25) . Data from a 1-year study by Stern et al.  (25)  indicate, among the subset with diabetes, 

 Table 4 
  Evidence for Importance of Energy Balance, Overweight, and Obesity  

 In overweight and obese insulin-resistant individuals, modest weight loss has been shown to improve insulin 
resistance. Thus, weight loss is recommended for all such individuals who have or are at risk for diabetes. (A) 

 For weight loss, either low-carbohydrate or low-fat calorie-restricted diets may be effective in the short term 
(up to 1 year). (A) 

 For patients on low-carbohydrate diets, monitor lipid profiles, renal function, and protein intake (in those with 
nephropathy), and adjust hypoglycemic therapy as needed. (E) 

 Physical activity and behavior modification are important components of weight loss programs and are most 
helpful in maintenance of weight loss. (B) 

 Weight loss medications may be considered in the treatment of overweight and obese individuals with type 2 
diabetes and can help achieve a 5–10% weight loss when combined with lifestyle modification. (B) 

 Bariatric surgery may be considered for some individuals with type 2 diabetes and BMI    35 kg/m 2  and can 
result in marked improvements in glycemia. The long-term benefits and risks of bariatric surgery in individuals 
with pre-diabetes or diabetes continue to be studied. (B) 

   A   large well-designed multicenter or multiple randomized clinical trials or well done meta-analyses,   B   examination of 
cohort follow up studies or limited from one or more randomized trials,   C   more limited evidence from intervention studies, 
which may lack rigor with respect to the control group comparison, or more limited observation data 
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that the reduction in fasting glucose was 21 and 28 mg/dL for the low carbohydrate and low fat diets, 
respectively (adjusted  p  = 0.019 with no significant difference for change in HbA1c levels). Data from 
a study conducted in overweight adolescents found that altering dietary glycemic load by reducing 
both total carbohydrate content (45–50% of energy intake) and consuming low-GI foods resulted in 
more weight loss when compared with a conventional low-fat (25–30%) diet  (112) . Additional 
research is needed to clarify the long-term efficacy and safety of low-carbohydrate diets, particularly 
in patients with diabetes.  

  Tailoring Weight Loss Guidance 
 It is unlikely that one diet is optimal for all overweight/obese persons. Dietary guidance should be 

individualized to allow for specific food preferences and individual approaches to reducing energy 
intake  (15,   113) . A variety of strategies are available for decreasing energy intake. For example, 
lowering dietary energy density (e.g., by increasing fruit and vegetable intake and limiting foods that 
are high in fat) can reduce energy intake while maintaining a volume of food that might help control 
hunger  (114) . Achieving portion control by reducing portion sizes  (114) , using meal replacement 
products  (115–  117) , and following structured meal plans  (118,   119)  can also enhance compliance 
with energy-deficit diets. 

 The MNT process involves selecting an appropriate meal-planning approach and educational mate-
rials based on an individual assessment of a person’s ability or willingness to learn, motivation to 
make changes in eating habits, clinical and nutrition goals, diabetes medications, activity level, and 
lifestyle. The selection of a meal-planning approach considers type of diabetes, literacy, and the 
degree of emphasis desired on weight loss, metabolic control, structure, and complexity  (120,   121) . 

 Table  5  provides an overview of methods used to help achieve the dietary goals in diabetes management 
that include: guidelines and food pyramids, meal planning and monitoring tools, and lifestyle-change 
books.      

 There is an interactive web page to help consumers tailor their goals using the USDA’s Food Guide 
Pyramid, which now emphasizes weight management. Similarly, the ADA’s website has the Interactive 
Diabetes Learning Center, which includes a plate tool for teaching consumer to choose meals that are 
half vegetable in order to limit meat (protein foods) and starch to one-fourth of the meal each. 

 Meal-planning approaches have traditionally included menus, such as individualized menus or 
Month of Meals, exchange lists, and counting methods, each of which can have an emphasis on 
weight loss. Individualized menus are based on a person’s food preferences and treatment goals and 
specify the portions and types of foods to be consumed at meals and snacks. The five Month of Meals 
books each contain 28 days of complete menus for breakfast, lunch, dinner, and snacks providing 
1,200, 1,500, or 1,800 cal/day. Exchange lists include the Exchange Lists for Meal Planning, which 
divides foods into three food groups—carbohydrate, meat and meat substitutes, and fat—and can be 
used as a basis for teaching the calorie and fat content of foods  (121) . Counting methods include calorie 
counting, fat-gram counting, carbohydrate counting, or a combination of fat-gram and calorie counting. 
These approaches teach flexibility and control over food choices, but do not guarantee carbohydrate 
consistency. 

 Another type of meal planning approach that should be considered and added to the meal-planning 
options is the meal-replacement approach. This involves using formula shakes or bars, or prepackaged 
meals to control portions and simplify food decisions. Typically, formula drinks or bars are used to 
replace two meals and one snack per day to achieve weight loss and to replace one meal per day for 
weight maintenance. The relative effectiveness of each of the different meal-planning approaches 
that can be used to achieve a low calorie diet has not been adequately studied. Evidence has been 
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accumulating regarding the role of meal replacements as a viable meal-planning approach for the treat-
ment of obesity. 

 There is greater emphasis on lifestyle issues in books such as Facilitating Lifestyle Change: A 
Resource Manual  (121,   122) , which focuses on using self-monitoring problem solving and goal 
setting to promote lifestyle change and improve eating habits and activity levels. Other types of manuals 
that use the lifestyle-change approach are The Complete Weight Loss Workbook  (123)  and The Learn 
Program for Weight Control  (124) , both of which have been used in weight reduction programs to 
achieve successful weight loss outcomes  (125,   126)  (Table  5 ).  

  Research Issues in the Area of Weight Loss 
 Little research has focused on comparing educational approaches to weight control in diabetes 

management. The Look-AHEAD (Action for Health in Diabetes) trial is a multicenter, randomized 
controlled clinical trial, designed to determine whether intentional weight loss reduces cardiovascular 
morbidity and mortality in overweight individuals with T2DM  (119) . This 16-center trial, which has 
enrolled 5,145 overweight individuals with T2DM, is examining cardiovascular morbidity and 
mortality for up to 12 years in persons randomly assigned to one of two study arms. Participants in a 
diabetes support and education group receive their usual medical care, provided by their own primary 
care physicians, plus three group educational sessions per year for the first 4 years. Participants in a 

 Table 5
   Meal-Planning Approaches for Weight Loss in Type 2 Diabetes  

  Approach   Examples 

 Guidelines and food pyramids: Materials are free from 
website links and focus on the principles of a balanced 
approach to eating. Some websites offer interactive 
tools that can be used for tailoring goals. 

 Interactive Diabetes Learning Center a  
  Rate Your Plate 
  Virtual Grocery Store 
  Diabetes Food Pyramid 
 USDA Food Guide Pyramid b  

 Meal plans and Meal planning tools: Materials include 
daily menus with recipes, exchange food grouping 
to be used to teach meal planning, and nutrient 
counting approaches to be used in self-monitoring. 

 Menus  Month of Meals book series (menus with nutrient 
information and exchanges at several calorie 
levels) a  

Exchanges  Exchange Lists for Meal Planning a  
 Counting (carbohydrate, fat, calories)  Wide range of carbohydrate counting material 

ranging from stickers to advanced books a  
 Meal Replacements: This approach simplifies decision 

making, but some individuals compensate by eating 
between meals. 

 Formula drinks or bars 
 Prepared entrée (Supermarket and catered home 

delivery options) 
 Lifestyle change: These self-help workbooks include 

information on behavioral change, nutrition, and 
physical activity. 

 The Complete Weight Loss Workbook a   (123)  
 The Learn Program for Weight Control  (124)  

  a    http://www.diabetes.org/home.jsp 
    b    http:www.mypyramid.gov     
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lifestyle intervention group receive usual medical care, combined with an intensive 4-year program 
designed to increase physical activity and reduce initial weight by 7% or more  (20) . All individuals 
are encouraged to use meal replacement for two meals, typically breakfast and lunch  (116) . Participants 
are to consume an evening meal of conventional foods (which includes the option of frozen food 
entrees) and to add fruits and vegetables to their diet until they reach their daily calorie goal. 
Participants could choose from meal replacements in the form of a liquid shake or as a bar from four 
companies, which include Slim-Fast (Slim-Fast Foods Company, Englewood, NJ), Glucerna (Ross 
Laboratories, Columbus, OH), OPTIFAST (Novartis Nutrition, Fremont, MI), and HMR (Health 
Management Resources, Boston, MA). 

 We anticipate that results from the Look-Ahead study will help to determine the role of meal 
replacement as a weight loss strategy in patients with diabetes, and effects of weight loss achieved 
with this method on cardiovascular risk  (20) . 

 A small randomized trial that utilized meal replacement in T2DM found that greater weight loss 
resulted from using a liquid formula meal replacement approach than an individualized meal plan-
ning. Further, a meta-analysis of six RCTs showed that liquid meal replacements induced a loss 
approximately 3 kg greater than that produced by a conventional diet  (127) . However, previous 
research suggests that providing menus may be as effective as providing food to promote weight loss 
 (119) . Therefore, more research is needed to determine the value of providing a guideline for food 
intake in achieving energy intake goals and weight loss. The short- and long-term effects of these 
formulas on metabolic parameters are also of interest. 

 To date, research on metabolic effects has largely focused on ill patients. Results indicated that, 
compared to standard formulas, diabetes-specific formulas significantly reduced postprandial rise in 
blood glucose, peak blood glucose concentration, and the glucose area under curve. Individual studies 
reported a reduced requirement for insulin (26–71% lower) and fewer acute complications with 
diabetes-specific formulas than with those for standard nutrition. However, there were no significant 
differences in HDL, total cholesterol, or triglyceride concentrations  (128) . 

 Portion-controlled servings of conventional foods similarly facilitate weight loss, as shown by 
Jeffery and Wing  (119) , among other investigators  (129,   130) . Ultimately, the simple act of providing 
patients detailed menu plans, with accompanying shopping lists, offers sufficient structure to signifi-
cantly increase weight loss. 

 Evaluation of the patient’s impetus to lose weight is also an integral part of the assessment. The 
treatment goal in general is to achieve a 10% weight loss in 6 months with a comprehensive approach 
that combines dietary, physical activity, and behavioral interventions  (5,   9,   10) .  

  Obesity Medications and Surgery 
 Weight loss medication can help achieve weight loss when combined with lifestyle change, but 

their use is generally restricted  (131) . Medication approved for long-term weight loss such as orlistat 
(Xenical) and sibutramine (Meridia) have been demonstrated to achieve a 5–10% weight loss when 
accompanied by diet and exercise. Orlistat is also available at a lower dosage as an over the counter 
medication (Alli). There are side effects to such medications  (132) . 

 For Orlistat, these include the following:

   Oily spotting/discharge, fatty stools  
  Gas with discharge  
  Urgent need to have a bowel movement, increased number of bowel movements, and inability to control bowel 

movements.    
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 In case of Sibutramine there were reported serious side effects, such as the following:

   Allergic reactions  
  Irregular heartbeat  
  High blood pressure  
  Seizures    

 Other, less serious, side effects may occur while on treatment with Sibutramine:

   Restlessness or tremor  
  Nervousness or anxiety  
  Mild headache or dizziness  
  Insomnia  
  Dry mouth  
  Constipation    

 Weight loss through these medications may have a role in management of diabetes, but additional 
studies will need to be done to determine their long-term efficacy. 

 Bariatric surgery is increasingly utilized as a method of weight loss. Long-term risk and benefits of 
bariatric surgery need further study, but a meta-analysis of studies of bariatric surgery reported 
improvement or normalization of fasting blood glucose levels in 86% of patients with diabetes  (133, 
  134) . However, for the subset with HbA1C measurements the mean change was 0.31% after controlling 
for potential confounders  (131) . Therefore, while fasting glucose appears to dramatically decrease, the 
overall improvement in glycemic control measured by the HbA1c was modest. In the Swedish Obese 
Subjects Study (SOS), a 10-year follow-up of individuals undergoing bariatric surgery who achieve a 
mean body weight loss of 23.4%, roughly one-third of the subjects with diabetes had remission of 
diabetes, compared to 13% of matched controls who did not receive surgery  (133,   134) . All cardiovas-
cular risk factors except hypercholesterolemia improved in the surgical patients (Table  6 ).        

  NUTRITION AND THE ROLE OF PHYSICAL ACTIVITY  

 In MNT, physical activity is a key component of the lifestyle intervention for patients with diabetes 
or at risk for developing diabetes. As such, the effects of physical activity on glycemia and weight 
need to be understood. Making sure that any physical activity program is safe and enjoyable for the 
patient is as important as the activity itself. 

 For young patients treated with insulin or medications that enhance insulin secretion, safety issues 
usually focus on the risks of hypoglycemia. Special care should also be given to older patients and 
those with long-standing diabetes with regard to cardiovascular risk status. These persons should have 
thorough screening for any other underlying complications prior to beginning an exercise program 
 (135) . 

  Exercise and T1DM 
 People with T1DM can perform all levels of physical activity, including leisure activities, recreational 

sports, and competitive professional sports. This last assumes that they do not have complications and 
have good blood glucose control. The ability to adjust the therapeutic regimen (insulin and MNT) to 
allow safe participation and high performance is recognized as an important management strategy in 
these individuals. In particular, the importance of glucose self-monitoring to improve overall athletic 
performance and enhance safety is now fully accepted by the medical community. 
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 Table 6 
  Treating and Controlling Diabetes Complications (Tertiary Prevention)  

  Microvascular complications  
 Reduction of protein intake to 0.8–1.0 g/kg body weight per day in individuals with diabetes and the earlier 

stages of chronic kidney disease (CKD) and to 0.8 g/kg body weight per day in the later stages of CKD 
may improve measures of renal function (e.g., urine albumin excretion rate, glomerular filtration rate). (B) 

 Medical nutrition therapy that favorably affects cardiovascular risk factors may also have a favorable effect on 
microvascular complications such as retinopathy and nephropathy. (C) 

  Treatment and management of CVD risk  
 Target A1C is as close to normal as possible without significant hypoglycemia. (B) 
 For patients with diabetes as risk for CVD, diets high in fruits, vegetables, whole grains, and nuts may reduce 

the risk. (C) 
 For patients with diabetes and symptomatic heart failure, dietary sodium intake of <2,000 mg/day may reduce 

symptoms. (C) 
 In normotensive and hypertensive individuals, a reduced sodium intake (e.g., 2,300 mg/day) with a diet high 

in fruits, vegetables, and low fat dairy products lowers blood pressure. 
 In most individuals, a modest amount of weight loss beneficially affects blood pressure. (C) 

  Hypoglycemia  
 Ingestion of 15–20 g of glucose is the preferred treatment for hypoglycemia, although any form of carbohydrate 

that contains glucose may be used. (A) 
 The response to treatment of hypoglycemia should be apparent in 10–20 min; however, plasma glucose 

should be tested again in ~60 min as additional treatment may be necessary. (B) 

  Acute illness  
 During acute illnesses, insulin and oral glucose lowering medications should be continued. (A) 
 During acute illnesses, testing of plasma glucose and ketones, drinking adequate amounts of fluids, and 

ingesting carbohydrate are all important. (B) 

  Acute health care facilities  
 Establishing an interdisciplinary team, implementation of MNT, and timely diabetes-specific discharge planning 

improves the care of patients with diabetes during and after hospitalizations. (E) 
 Hospitals should consider implementing a diabetes meal planning system that provides consistency in the 

carbohydrate content of specific meals. (E) 

  Long-term care facilities  
 The imposition of dietary restrictions on elderly patients with diabetes in long-term care facilities is not war-

ranted. Residents with diabetes should be served a regular menu, with consistency in the amount and timing 
of carbohydrate. (C) 

 An interdisciplinary team approach is necessary to integrate nutrition therapy for patients with diabetes into 
overall management. (E) 

 There is no evidence to support the prescribing of diets such as “no concentrated sweets” or “no sugar added.” (E) 
 In the institutionalized elderly, undernutrition is likely and caution should be exercised when prescribing 
weight loss diets. (B) 

  A  large well-designed multicenter or multiple randomized clinical trials or well done meta-analyses,  B  examination of 
cohort follow-up studies or limited from one or more randomized trials,  C  more limited evidence from intervention studies, 
which may lack rigor with respect to the control group comparison, or more limited observation data,  E  expert consensus 
(but no evidence from clinical trials) 
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 The risk of hypoglycemia, which can occur during, immediately after, or many hours after physical 
activity, can be minimized or avoided. Minimizing risk requires that the patient has both an adequate 
knowledge of the metabolic and hormonal responses to physical activity and well-tuned self-management 
skills. The increasing use of intensive insulin therapy has provided patients with the flexibility to 
make appropriate insulin dose adjustments for various activities. 

 Physical activity can improve the lipid profile, reduce blood pressure and improve cardiovascular 
parameters of patients with T1DM. The ADA has concluded that research has failed to show an inde-
pendent effect of exercise on glycemic control, as measured by HbA1C levels. Such information is 
critical in the paradigm shift from focusing only on glycemic control to focusing on lifestyle changes 
with multiple benefits  (135) . 

  R ecommendations  R egarding  P hysical  A ctivity   in   t  1  dm   (135,   136)  
    1.    Achieving metabolic control before beginning a program of increased physical activity

   (a)    Avoid physical activity if fasting glucose levels are >250 mg/dl and ketosis is present, and use caution if 
glucose levels are >300 mg/dl and no ketosis is present.  

   (b)    Ingest added carbohydrate if glucose levels are <100 mg/dl.      

   2.    Blood glucose monitoring before and after physical activity

   (a)    Identify when changes in insulin or food intake are necessary.  
   (b)    Learn the glycemic response to different physical activity conditions.      

   3.    Adjusting (or monitoring) food intake as needed

   (a)    Consume added carbohydrate as needed to avoid hypoglycemia.  
   (b)    Carbohydrate-based foods should be readily available during and after physical activity.         

 With vigorous activity, dehydration can negatively affect blood glucose levels and heart function. 
Therefore, special attention to maintaining hydration is important, especially when heat is also a 
factor. Adequate hydration prior to physical activity is recommended (e.g., 17 oz of fluid consumed 
2 h before physical activity). During physical activity, fluids should be taken early and frequently in 
an amount sufficient to compensate for losses in sweat reflected in body weight loss. Precautions 
should be taken when exercising in extremely hot or cold environments.   

  Exercise and T2DM 
 There are important benefits of physical activity for the patient with T2DM. Poor aerobic fitness is 

associated with many of the cardiovascular risk factors, and reducing levels of these parameters has 
been linked to a decrease in plasma insulin levels  (134) . Therefore, beneficial effects of physical activity 
on cardiovascular risk are likely to be related to improvements in insulin sensitivity. In addition, regular 
exercise appears to have a direct benefit with regard to decreasing the levels of triglyceride-rich VLDL 
and blood pressure levels. An ADA and AHA common statement has addressed the role of physical 
activity in preventing CVD in for people with diabetes  (137) . To improve glycemic control, assist with 
weight loss or maintenance, and reduce risk of CVD, at least 150 min of moderate-intensity aerobic 
physical activity or at least 90 min of vigorous aerobic exercise per week is recommended. The physical 
activity should be distributed over at least 3 days per week, with no more than two consecutive days 
without physical activity. For long-term maintenance of major weight loss, a larger amount of exercise 
(7 h of moderate or vigorous aerobic physical activity per week) may be helpful  (136) . 

 In T2DM exercise can be a strategy for improving blood glucose as well as for losing weight. 
Exercise may need dietary adjustment to prevent hypoglycemia in patients treated with insulin or 
other medications that enhance insulin secretion.  
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  Exercise and Diabetes Prevention 
 The greatest benefit from physical activity may occur early in the progression from insulin resistance 

to impaired glucose tolerance to overt hyperglycemia. The Diabetes Prevention Program (DPP), in 
which patients participated in an intensive lifestyle intervention, recorded a 58% reduction in incidence 
of diabetes over 3.2 years for patients who averaged a 7% weight loss. This level of weight loss was 
achieved by 49% of participants  (137) . After accounting for weight loss, self-reported changes in 
physical activity or fat intake did not lead to additional reductions in diabetes risk. However, if partici-
pants did meet the activity goals of 150 min per week achieved a 44% reduction in diabetes incidence, 
despite not achieving the weight loss goal  (138) . Overall the 150 min/week activity goal was achieved 
by three quarters of DPP lifestyle participants at the end of the core curriculum and by two-thirds at 
the end of the study  (119) . In the context of worldwide T2DM epidemics, the importance of promot-
ing physical activity as a vital component of the prevention as well as management of T2DM must be 
viewed as a high priority.   

  CONCLUSIONS  

 MNT is an integral component of diabetes prevention, management, and self-management educa-
tion. Achieving nutrition-related goals require a coordinated team effort that includes the active 
involvement of the patient with prediabetes or diabetes. Because of the complexity of nutrition issues, 
Medicare and several other third-party payers cover MNT provided by a registered dietitian. However, 
all care providers involved in diabetes treatment need to be knowledgeable about nutrition therapy and 
help individuals with diabetes to achieve recommendations for a healthy lifestyle  (135) .  

  RESOURCES FOR NUTRITION INFORMATION ABOUT DIABETES  

 American Association of Diabetes Educators 
 1-800-TEAM-UP4 (800-832-6874) 
   www.diabeteseducator.org     
 American Diabetes Association 
 1-800-DIABETES (800-342-2383) 
   www.diabetes.org     
 American Dietetic Association 
 1-800-366-1655 (in English and Spanish) 
   www.eatright.org     
 Centers for Disease Control and Prevention 
 1-877-232-3422 
   www.cdc.gov/diabetes     
 Centers for Medicare & Medicaid Services 
 1-800-MEDICARE or (800-633-4227) 
   www.cms.hhs.gov/MLNProducts/downloads/expanded_benefits_06-08-05.pdf.              
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   12      Guidelines for Exercise Testing in Diabetics 
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  Abstract 

 Because diabetes mellitus is considered a major risk factor for cardiovascular disease, the clinical eval-
uation of the patient with diabetes is an assessment performed by primary care and specialty physicians 
on a daily basis. A careful history, medical record review, current treatment (oral agents, insulin), related 
comorbidities (hypertension, obesity, metabolic syndrome, coronary artery disease), electrocardiogram 
(ECG), laboratory studies (blood glucose, hemoglobin A1c, serum creatinine, estimated glomerular filtra-
tion rate, urine albumin/creatinine ratio), ankle/brachial systolic pressure index, and exercise stress test 
may be important components of this evaluation. In addition to the indications and contraindications and 
appropriate methodology (protocols) for exercise testing, key diagnostic and prognostic variables include: 
the resting and exercise ECG, especially the provocation of significant ST-segment displacement and/
or arrhythmias during or after exercise testing; anginal symptoms; dyspnea; chronotropic incompetence; 
abnormal heart rate recovery; exertional hyper or hypotension; exercise capacity, expressed as metabolic 
equivalents (METs; 1 MET = 3.5 mL/kg/min); and combined information (e.g., treadmill scores [Duke 
Treadmill Score]). Echocardiographic studies may also reveal impaired left ventricular diastolic function, 
a condition that is common in diabetes, which often precedes systolic dysfunction. Collectively, these 
data should prove helpful in prescribing exercise and identifying treatment targets to prevent end-organ 
complications and major cardiovascular events in this escalating patient population.  

 Key words: Diabetes; Exercise testing; Exercise capacity; Evaluation of patients with diabetes mellitus. 

 Exercise    testing and training are vital components in the evaluation and medical treatment of 
patients with diabetes mellitus. Nevertheless, there are associated risks of exercise training, specific 
exercise precautions, and contemporary guidelines for the medical evaluation and exercise testing of 
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diabetics prior to initiating an exercise program. This chapter addresses these issues, with specific 
reference to the conduct and interpretation of exercise testing in assessing patients with known or 
suspected diabetes mellitus. 

  MEDICAL EVALUATION AND ASSESSMENT OF THE DIABETIC PATIENT     

 Diabetes mellitus (DM) has two major forms, types 1 and 2, with two very different etiologies and 
clinical courses. Most patients with type 1 diabetes develop this form during childhood and develop 
complications during middle age. In contrast, most patients with type 2 diabetes present during 
adulthood, and this form is largely due to being overweight or obese, and being physically inactive. 
Because type 2 diabetes represents >90% of prevalent cases, the following text concerning the 
evaluation of the diabetic patient before exercise pertains to type 2 DM. 

 Diabetes mellitus is considered a major cardiovascular disease (CVD) risk factor and is independ-
ently related to an approximate twofold increased risk of myocardial infarction, stroke, heart failure, 
and cardiovascular death across all age and gender groups. The rates of cardiovascular events are 
similar for DM with and without known CVD. Thus, DM is considered a “cardiovascular risk equivalent.” 
Major medical complications to be avoided or prevented in a patient with DM include cardiovascular 
events, blindness due to retinopathy, end-stage renal disease requiring dialysis, peripheral arterial 
disease (PAD), and amputation due to extremity ulcers, infection, and osteomyelitis. 

 Components of the initial clinical evaluation of DM include historical information such as the 
duration of known DM, current treatment (oral agents, insulin, others), and related comorbidities 
(hypertension, coronary artery disease [CAD], etc.). In addition, evidence for end-organ complica-
tions secondary to DM should be obtained. Diabetic nephropathy occurs in approximately 50% of 
patients; thus, the serum creatinine, estimated glomerular filtration rate (eGFR), and urine 
albumin:creatinine ratio should be noted in the medical records. In general, if the eGFR < 60 mL/
min/1.73 m 2  or if the spot urine albumin:creatinine ratio is >30 mg/g, then diabetic nephropathy is 
present. It is important to realize that a patient with diabetic nephropathy is more likely to die of CVD 
than progress to end-stage renal disease requiring dialysis in the next five to ten years. Another important 
end-organ complication is diabetic retinopathy, which is a leading cause of blindness. This condition 
requires a comprehensive examination by an ophthalmologist on an annual basis. 

 One of the most important aspects of the physical examination in a patient with DM is measurement 
of the resting blood pressure in the brachial artery. Hypertension is a major determinant of end-organ 
complications, as discussed earlier. When the blood pressure consistently exceeds >140/90 mmHg, 
hypertension is present  (1) . Currently, there is a greater emphasis on the systolic blood pressure as the 
treatment target. In general, an uncomplicated patient with DM should have the systolic blood pres-
sure treated to <130 mmHg. Patients with DM and kidney disease with proteinuria should be treated 
to an even lower target, that is, <120 mmHg. 

 A careful general physical examination of the extremities should be made for evidence of skin 
breakdown or discoloration. Reduced macro- and microvascular flow to the skin increases the risk of 
minor cuts and abrasions developing into penetrating diabetic ulcers, which can lead to deep tissue 
infections including osteomyelitis. Proper socks and shoes should be recommended for a patient about 
to embark on an exercise program to reduce the likelihood of diabetic foot lesions. 

 A focused evaluation for the manifestations of underlying CVD should be conducted. Any self-
reported history of myocardial infarction, stroke, or heart failure should be corroborated by medical 
records and additional diagnostic testing, if indicated. The presence of angina should be quantified 
according the Canadian Cardiovascular Society (Classes 1–4)  (2) . An electrocardiogram (ECG) is 
essential on the initial visit with attention to the presence of Q-waves, left ventricular hypertrophy, 
and abnormalities of the conduction system. The physical examination should attempt to identify 
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normal versus reduced systolic function. A normally placed point of maximal impulse, normal S1 and 
S2, and an unremarkable ECG in the same patient strongly suggest the left ventricular ejection fraction 
is preserved. Other findings, including soft heart tones, an S3, and electrocardiographic evidence of 
Q-waves or bundle branch patterns, make it more likely that the ejection fraction is reduced. 
Echocardiographic studies may also reveal impaired left ventricular diastolic function, a condition 
that is common in diabetes, and will often precede systolic dysfunction. Finally, the examination 
should attempt to identify the presence of PAD. A history of stroke, leg claudication, or carotid or 
peripheral revascularization suggests PAD. The presence of bruits in the neck, the abdomen, or over 
the femoral arteries may represent other signs of PAD. In addition, if the posterior tibial artery pulse 
is reduced, PAD at some level in the lower extremity circulation is present. The dorsalis pedis pulse 
is less reliable in its anatomic position in the dorsum of the foot; thus, its absence on examination is 
not especially helpful. The ankle/brachial systolic pressure index (or ABI) is derived by measuring 
the brachial artery cuff systolic pressure, and dividing it by the systolic pressure measured in the 
posterior tibial artery using a cuff and a continuous wave Doppler probe. Of note, the ABI should be 
measured in each leg by dividing the ankle blood pressure from each leg by the highest blood pressure 
from either arm. Because of peripheral amplification of the arterial pulse wave, the ABI should 
normally be ³1.00. When this value becomes <0.90, PAD is present and a comprehensive lower 
extremity vascular examination may be recommended, using a dedicated vascular laboratory with 
ultrasound and plethysmography. Discovering and documenting PAD, with or without intermittent 
claudication, is important since it is a common limiting factor in aerobic exercise and can be a treatment 
target. Moreover, exercise therapy improves PAD symptoms and quality of life for the patient  (3) . 

 The laboratory evaluation for the DM patient should include a biochemistry profile with serum 
creatinine, hemoglobin A1c (glycohemoglobin), urine albumin:creatinine ratio, and lipid profile. The 
glycohemoglobin, which reflects the prior 90 days of glycemic control, should normally be <6.0%. 
In DM, the treatment goal for A1c should be <7.0%. In general, when this value exceeds 8.0%, there 
is poor chronic control of blood glucose and medication changes are indicated. As discussed earlier, 
the treatment goal for the urine albumin:creatinine ratio is <30 mg/g. This is usually accomplished 
with strict blood pressure control, including drugs which block the renin–angiotensin system. For 
most patients with DM, the current low density lipoprotein cholesterol goal should be <70 mg/dL, 
requiring use of a statin medication  (4) . 

 All patients with DM are considered to be at a similar risk to those with CAD; thus, baseline exer-
cise stress testing is often advised prior to initiating an exercise program. If any of the examination 
features suggest the presence of coronary or peripheral atherosclerosis, a stress test with cardiac 
imaging (nuclear scintigraphy or echocardiography) may serve to further improve risk stratification 
of these patients  (5) . Evidence of large reversible myocardial perfusion abnormalities, left ventricular 
dysfunction, or both, should signal the need for additional cardiology evaluation and treatment and 
approval before initiating an exercise program. 

 In summary, the clinical evaluation of the patient with DM is an important activity performed by primary 
care and speciality physicians on a daily basis. A careful history, medical record review, ECG, laboratory 
evaluation, and stress test are important components of this evaluation. The spirit of the evaluation is to 
discover treatment targets to prevent end-organ complications and major cardiovascular events.  

  CONDUCTING AND INTERPRETING THE EXERCISE STRESS TEST  

 Exercise testing permits evaluation of the following variables: aerobic capacity (the estimated or 
actual peak or maximal oxygen consumption [VO 

2
  max]); hemodynamic responses including the 

heart rate and systolic/diastolic blood pressure responses during and after exercise; adverse clinical 
signs or symptoms (e.g., exertional angina and/or dyspnea); and, associated changes in electrical 
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functions of the heart, especially supraventricular and ventricular arrhythmias and ST-segment dis-
placement. When an exercise test that includes metabolic testing is performed, valuable cardiopul-
monary data obtained include the ventilatory-derived anaerobic threshold (V-AT; the break point in 
linearity when carbon dioxide production [VCO 

2
 ] is plotted as a function of oxygen consumption 

[VO 
2
 ]), expressed as a percentage of the VO 

2
  max, may be determined. This method has been 

reported to provide a valid and reliable noninvasive technique for the detection of the onset of meta-
bolic acidosis  (6) . Variables other than VO 

2
  max or VO 

2
 -AT, such as the minute ventilation (VE)/

VO 
2
  slope or VE/VCO 

2
  slope, have also been used to classify functional limitations, breathing 

economy, and, more recently, to risk stratify patients  (7) . Accordingly, exercise tests with metabolic 
assessment have immediate value in directly assessing cardiopulmonary capacity and the safety of 
physical exertion as well as diagnostic and prognostic significance in regard to CAD and its associ-
ated morbidity and mortality. 

 This section addresses the physiological basis and rationale for exercise testing in assessing asymp-
tomatic and symptomatic patients, especially those with DM and known or suspected CAD, with 
specific reference to indications and contraindications, end points, test modalities/protocols, and 
test interpretation, including ECG, symptomatic, and hemodynamic responses, exercise capacity, and 
treadmill scores. 

  Rationale for Stress Testing in Patients with Diabetes Mellitus: 
Contemporary Guidelines 

 CVD is the leading cause of morbidity and mortality in patients with DM  (8) ; an estimated 80% 
die from CVD, and 75% of these fatalities are attributed to CAD  (9) . Nearly two decades ago, the 
Framingham Study  (10)  demonstrated that diabetic individuals had a two- to fivefold risk of developing 
the manifestations of coronary disease (e.g., angina pectoris, acute myocardial infarction, congestive 
heart failure). When individuals younger than 45 years of age are examined, the risk of CVD escalates 
to >11-fold that of the general population  (11) . Although early detection of occult CAD in diabetics 
is important, the role of routine exercise testing in this patient population is controversial, since outcome 
data from randomized controlled trials are lacking  (12) . 

 In 1998, consensus guidelines issued by the American Diabetes Association (ADA) indicated that 
screening by stress testing was appropriate in diabetics with two or more additional risk factors  (9) . 
Subsequently, the ADA expanded this recommendation by suggesting that an exercise stress test should 
be conducted in virtually all diabetic individuals who were beginning a moderate or vigorous exercise 
program  (13) . However, the earlier recommendation has been challenged in two recent studies  (14,   15)  
that have identified silent myocardial ischemia and/or angiographically documented CAD in asymp-
tomatic patients with type 2 diabetes, independent of the risk factor profile. 

 Writing groups from the American College of Cardiology/American Heart Association Guidelines 
on Exercise Testing  (5)  and the American College of Sports Medicine (ACSM)  (16)  have addressed 
the role of exercise testing before exercise training for patients with DM. The former group classified 
routine exercise testing in asymptomatic persons with DM who plan to start vigorous exercise (³60% 
VO 

2
  reserve) as a Class IIa recommendation (i.e., weight of evidence/opinion is in favor of usefulness/

efficacy). Similarly, the ACSM recommended exercise testing for diabetics who plan to start a moderate 
(40–59% VO 

2
  reserve) to vigorous exercise program. In contrast, the US Preventive Services Task 

Force  (17,   18)  came to the conclusion that insufficient evidence exists to determine the benefits and 
limitations of exercise stress testing before exercise programs or, for that matter, in the routine screening 
of asymptomatic individuals at low CAD risk (<10% risk of a cardiac event over 10 years). Recently, 
the latter recommendation was echoed by the ADA  (19) . 
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 A major limitation of exercise testing is that a truly positive exercise test requires a hemodynamically 
significant coronary lesion (e.g., >75% stenosis; Fig.  1 ), whereas nearly 90% of acute myocardial 
infarctions occur at the site of previously nonobstructive atherosclerotic plaques  (20) . These find-
ings, coupled with the extremely low rate of cardiovascular complications in asymptomatic persons 
who exercise  (21) , suggest that it is impractical and cost prohibitive to use exercise testing to fore-
stall serious cardiovascular events in all asymptomatic exercisers. Accordingly, physicians and 
health care providers should evaluate the entire atherosclerotic risk profile in diabetic patients, as 
well as the anticipated exercise intensity, degree of competition, and potential for superimposed 
cognitive and/or environmental stressors, before recommending exercise stress testing as a prelude 
to exercise training.         

  Indications and Contraindications 
 Exercise stress testing is generally recommended for the following reasons: to aid in the diagnosis 

of occult or suspected CAD in asymptomatic or symptomatic individuals; to evaluate cardiorespiratory 
fitness, expressed as mL/kg/min or metabolic equivalents (METs; 1 MET = 3.5 mL/kg/min); to assess the 
efficacy of interventions such as pacemaker implantation, coronary revascularization, anti-ischemic 
medications, or physical training; to establish the safety of vigorous physical exertion; to formulate a 
safe and effective exercise prescription; and, to assess work-related capabilities after an acute coronary 
event or intervention  (22) . 

 Common contraindications to peak or symptom-limited exercise testing include a recent significant 
change in the resting ECG suggesting cardiac ischemia (e.g., ST-T wave abnormalities), recent 
myocardial infarction (within 2 days), unstable angina, uncontrolled symptomatic heart failure and/or 
atrial or ventricular arrhythmias that may compromise cardiac function, severe aortic stenosis, acute 
infection, third-degree heart block (without pacemaker), and active myocarditis or pericarditis  (23) . 
Patients with relative contraindications such as electrolyte abnormalities (e.g., hypokalemia, 
hypomagnesemia), severe arterial hypertension (i.e., resting systolic and/or diastolic blood pressure > 

 Fig. 1.    Relationship between coronary blood flow and 
coronary artery stenosis shows how perfusion is not 
significantly reduced until the obstruction exceeds 75% 
of the vessel’s cross-sectional area.  
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200 or >110 mmHg, respectively), hypertrophic cardiomyopathy and other forms of outflow obstruc-
tion, ventricular aneurysm, or uncontrolled metabolic disease (e.g., DM) may be tested after careful 
medical evaluation of the risk/benefit ratio  (23) . Oftentimes, individuals with relative contraindications 
can be exercised with caution using modified protocols (e.g., initial work rates  ~ 2–3 METs) and/or 
low-level end points, especially if they are asymptomatic at rest.  

  Test Modalities/Protocols 
 Both treadmill exercise and cycle ergometry have advantages and disadvantages in evaluating 

patients with and without documented CAD. Alternatively, dynamic arm exercise testing provides a 
reproducible method to evaluate cardiovascular function in individuals with neurologic, vascular, or 
orthopedic impairment of the lower extremities  (24) . 

 The cycle ergometer has the advantage of requiring less space, making less noise, and generally 
costing less than the treadmill. It also minimizes movement of the torso and arms, which facilitates 
better quality ECG recordings and more audible blood pressure measurements. Table  1  shows the 
approximate energy expenditure in mL/kg/min during progressive leg cycle ergometry, expressed as 
kilogram meters per minute (kg/m/min), which at a given power output or work rate is inversely 
related to body weight  (16) .  

 Conversely, treadmill testing provides a more common form of physiologic stress (i.e., walking) in 
which subjects are more likely to attain a slightly higher VO 

2
  max and peak heart rate. The test should 

generally last 8–12 min for patients limited by fatigue, highlighting the importance of appropriate 
protocol selection. Figure  2  shows three commonly used multistage treadmill exercise protocols, 
involving a constant walking speed (range, 2.0–3.4 mph) and standardized increases in grade or 
incline and aerobic requirements (1 MET/stage). The conventional Bruce treadmill protocol is 
perhaps the most widely used because it offers a rapid and safe exercise progression for which aerobic 
capacity can be estimated from the treadmill time in men, women, and patients with CAD (Table  2 ) 

  Table 1 
   Approximate Energy Expenditure (mL/kg/min) During Leg Cycle Ergometry    

  Body weight   Power output or work rate (kg/m/min) a  

  K  g     lb      300    450    600    750    900    1,050    1,200  

 50  110  17.9  23.1  28.7  34.0  39.6  44.8  50.1 

 60  132  16.1  20.7  24.9  29.4  34.0  38.5  43.1 

 70  154  14.7  18.6  22.4  26.3  30.1  34.0  37.8 

 80  176  13.7  17.2  20.7  23.8  27.3  30.8  34.0 

 90  198  13.0  16.1  18.9  22.1  24.9  28.0  31.2 

 100  220  12.3  15.1  17.9  20.7  23.1  25.9  28.7 

  Estimated values of approximate energy expenditure are based on completion of each 3-min 
stage. To convert to METs, divide the estimated value (mL/kg/min) by 3.5 .

 a The work rate or power output is expressed as kilogram meters per minute (kg/m/min) and is 
determined by the designated internal resistance (kg), pedal speed (in revolutions per minute), and 
the distance in meters (m) the flywheel travels for one pedal revolution. This distance is 6 m for 
Monarch leg ergometers, and 3 m for Tunturi and Body Guard ergometers  .
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 Fig. 2.    Metabolic cost of three common treadmill protocols. One MET signifies resting energy expenditure, equivalent 
to approximately 3.5 mL/kg/min. Unlabeled numbers refer to the treadmill grade, expressed as percent. The patient’s 
clinical status and functional class (I–IV) for the peak-attained workload are also shown.  

 (25) . Alternatively, newer ramp protocols can overcome many of the limitations of some multistage 
exercise tests, which may impose excessive initial workloads and/or simultaneous increases in speed 
and grade. In contrast, ramp protocols provide a nearly continuous and uniform increase in aerobic 
requirements  (26) .          

  End Points for Testing 
 Commonly used criteria for discontinuing an exercise test include attaining a predetermined end 

point of submaximal performance (e.g., ≥70% or 85% of age-predicted maximal heart rate, perceived 
exertion ≥ 13 [“somewhat hard”] or ≥ [“hard”] on the category scale [6–20]), volitional fatigue, or 
emergence of abnormal signs or symptoms. Absolute and relative end points for terminating an exercise 
test are listed in Table  3   (23) .   

  Electrocardiographic, Symptomatic, Hemodynamic, and Cardiorespiratory Responses to 
Exercise Testing and Their Prognostic Significance 

 Risk or prognostic evaluation is a critical activity in contemporary medical practice on which many 
patient management decisions are based (e.g., prescription of cardioprotective medications, need for 
coronary revascularization and/or an implantable cardioverter defibrillator). Data derived from a 
resting ECG and from exercise testing are most helpful in this regard, especially when considered in 
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the context of other clinical information. Important prognostic variables that can be derived from the 
exercise test include electrocardiographic, symptomatic, and hemodynamic responses, as well as 
functional capacity (mL/kg/min or METs). In fact, by incorporating several of these measurements 
and/or related clinical data into a mathematical formula or treadmill score, conventional exercise testing 
can often outperform the newer, more costly, noninvasive studies. 

  Bundle Branch Block 

 The prognostic significance of left and right bundle branch block was determined from the baseline 
or resting ECG in 7,073 adults who were referred for symptom-limited nuclear exercise testing  (27) . 
Over a 6.7-year follow-up, all-cause mortality was greater in those patients who demonstrated either 
anomaly (24% for complete right or left bundle branch block) than in those without these findings 
(11%). After adjustment for exercise capacity, nuclear perfusion defects, and other risk factors, right 
bundle branch block was as strong an independent predictor of mortality as left bundle branch block, 
yielding identical hazard ratios (1.5). In contrast, incomplete right bundle branch block was not 
associated with an increased risk of mortality. Although the mechanisms underlying this relationship 
remain unclear, it has been suggested that complete bundle branch block (right or left) may reflect a 
greater likelihood of underlying CAD, manifested as left ventricular dysfunction, threatening ventricular 
arrhythmias, or both.  

  Table 2 
   The Conventional Bruce Treadmill Protocol with MET Values for Each 

Minute Interval Completed    

  Stage   MPH  Grade  Min 

 MET requirement a  

 Men  Women  Cardiac 

 1  3.2  3.1  3.6 

 I  1.7  10%  2  4.0  3.9  4.3 

 3  4.9  4.7  4.9 

 4  5.7  5.4  5.6 

 II  2.5  12%  5  6.6  6.2  6.2 

 6  7.4  7.0  7.0 

 7  8.3  8.0  7.6 

 III  3.4  14%  8  9.1  8.6  8.3 

 9  10.0  9.4  9.0 

 10  10.7  10.1  9.7 

 IV  4.2  16%  11  11.6  10.9  10.4 

 12  12.5  11.7  11.0 

 13  13.3  12.5  11.7 

 V  5.0  18%  14  14.1  13.2  12.3 

 15  15.0  14.1  13.0 

  Adapted from  (25).
   aMET values are for each minute  completed . Note that women and cardiac patients 

achieve  lower  VO 
2
  for equivalent workload. Holding on to front rail will  increase  the 

apparent MET capacity  .
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  ST-Segment Displacement 

 The increased cardiac demands during progressive physical exertion may serve as the basis by 
which exercise testing may uncover occult obstructive CAD. By progressively challenging the coronary 
circulation with a higher rate-pressure product and contractile state, exercise raises myocardial oxygen 
demand. Stenotic arteries are unable to adequately respond to the requirements for increased blood 
flow, especially when the obstruction exceeds 75% of the vessel’s cross-sectional area (Fig.  1 ). As a 
result, myocardial territories in jeopardy are rendered ischemic, and this may be manifested on the 
surface ECG as alterations in electrical repolarization currents (e.g., ST-segment displacement). 

 The interpretation of exercise-induced myocardial ischemia has historically relied on the presence 
of three types of ST-segment depression: horizontal, downsloping, and slow upsloping  (22) . However, 
negative tests are often considered “inconclusive” when the peak heart rate achieved is <85% of the 
predicted maximum, because of inadequate cardiac stress. In contrast, exercise-induced ST-segment 
elevation in leads displaying a previous Q wave infarction almost always reflects an aneurysm or a 
wall motion abnormality, manifested as left ventricular dysfunction  (28) . Furthermore, the development 
of ST-segment elevation during exercise in the absence of a previous myocardial infarction suggests 
a high-grade coronary stenosis and transmural rather than subendocardial ischemia, and is highly 
arrhythmogenic  (28) . 

  Limitations of the Conventional Exercise ECG .    Although useful in many patients, the 
conventional exercise ECG lacks specificity and sensitivity when screening for CAD in low- and 

  Table 3 
   Common End Points for Terminating Exercise Testing    

  Absolute Indications  
 Exertional hypotension (drop in systolic blood pressure ≥10 mmHg from baseline blood pressure despite an 

increase in workload, when accompanied by signs and/or symptoms of myocardial ischemia) 
 Moderate to severe angina pectoris (≥2/4 chest pain) 
 Signs of poor perfusion or central nervous system dysfunction (ataxia, cyanosis or pallor, staggering, failure 

to respond to questions) 
 Onset of ventricular tachycardia (≥3 consecutive premature ventricular contractions [PVCs]) 
 ST-segment elevation (≥1.0 mm) in ECG leads without diagnostic Q waves (other than V 

1
  or aVR) 

 Technical difficulties monitoring the ECG or systolic blood pressure (i.e., equipment malfunction) 
 Subject’s desire to stop  a 

  Relative Indications  
 Excessive horizontal or downsloping ST-segment depression (≥2 mm) 
 Selected supraventricular or ventricular arrhythmias (e.g., increasing multifocal PVCs and/or ventricular 

couplets, supraventricular tachycardia, bradyarrhythmias) 
 Development of bundle branch block or intraventricular conduction delay that cannot be distinguished from 

ventricular tachycardia 
 Exertional hypotension in the absence of other evidence of myocardial ischemia 
 Hypertensive blood pressure response (systolic and/or diastolic pressure > 250 mmHg or 115 mmHg, 

respectively) 
 Marked fatigue, shortness of breath, or limiting claudication 

  Adapted from  (23)  .
  a Ratings of perceived exertion ≥17 (very hard) on the Borg category scale, signifying near-maximal to maximal exertion, or a 
peak heart rate  ~ 100% of the predicted maximal heart rate, can be especially helpful in this regard  .
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high-risk populations, respectively  (12) . Consequently, this diagnostic study is most useful in patients 
at moderate risk for CAD. Moreover, some patients may not be able to achieve adequate cardiac 
demands during treadmill exercise testing because of underlying obesity, deconditioning, PAD, or 
sensory or motor neuropathy. Others may be taking medications (i.e., beta blockers) or have preexisting 
anomalies on the resting ECG (e.g., substantial ST-segment depression at rest, left ventricular 
hypertrophy, left bundle branch block) that make ST-segment abnormalities that develop during 
exercise uninterpretable with respect to evidence of myocardial ischemia. Because many of these 
concerns apply to the diabetic patient, and early detection of CAD and intervention may prevent 
progression of disease and decrease the risk of clinical events, several recent reports have highlighted 
the diagnostic value of stress echocardiography and stress myocardial perfusion imaging with or without 
gated single-photon emission computed tomography in this escalating patient population  (12,   29–  32) .   

  Supraventricular Arrhythmias 

 Isolated atrial beats and short runs of supraventricular tachycardia commonly occur during exercise 
testing and do not seem to have any diagnostic or prognostic significance for CAD  (22) . Patients who 
regularly experience paroxysmal atrial tachycardia, especially if symptomatic, may be effectively 
treated with selected beta or calcium channel blockers or, in some cases, catheter ablation.  

  Exercise-Induced Premature Ventricular Contractions (PVCs) 

 To clarify the long-term prognosis in persons with exercise-induced PVCs, researchers evaluated 
the risk of death from cardiovascular causes in 6,101 French men aged 42–53 years without known 
or suspected CAD who underwent conventional graded exercise testing and were followed for an 
average of 23 years  (33) . Both signs/symptoms of myocardial ischemia and the occurrence of frequent 
PVCs during exercise were independently associated with an increased cardiovascular mortality, with 
similar relative risks (2.63 and 2.53, respectively). More recently, researchers at the Cleveland Clinic 
Foundation reported that frequent PVCs during exercise predicted an increased risk of death (9% vs. 5% 
among patients without frequent ventricular ectopy during exercise), but frequent ventricular ectopy 
during recovery was a stronger predictor (11% vs. 5%)  (34) . Collectively, these studies suggest that 
frequent ventricular ectopy during and especially after symptom-limited exercise testing provides an 
important, independent predictor of an increased risk of death.  

  Anginal Symptoms 

 It is critical for the clinician to note all symptoms that occur during and after the exercise test. 
Especially important are symptoms that may represent classic angina pectoris, such as substernal 
pressure radiating across the chest and/or down the left arm, back, or jaw, or lower neck pain or 
discomfort. Such symptoms can be subjectively rated by the patient on a 4-point scale: 1 = perceptible 
but mild; 2 = moderate; 3 = moderately severe; and, 4 = severe. Ratings of ≥2 should be used as end 
points for exercise testing  (22,   23) . 

 Although asymptomatic patients may demonstrate marked exercise-induced ST-segment abnor-
malities, when angina pectoris occurs in conjunction with ST-segment displacement the likelihood of 
ECG changes being due to CAD is significantly increased. Moreover, exercise-induced angina pectoris 
per se is now considered an independent variable that identifies a subset of patients at increased risk 
for subsequent coronary events  (35) .  

  Dyspnea and Cardiac Prognosis 

 Although dyspnea is a common symptom, few data are available regarding its prognostic signifi-
cance among patients referred for cardiac stress testing. Recently, investigators reported on 17,991 
patients who underwent resting and stress myocardial-perfusion single-photon-emission computed 
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tomography using symptom-limited stress induced by either a treadmill exercise (66%) or a vasodilator 
(34%)  (36) . Patients were divided into five categories according to their self-reported symptoms of 
chest pain and dyspnea at the time of testing: none; nonanginal chest pain; atypical angina; typical 
angina; and, dyspnea. After a mean ± SD follow-up of 2.7 ± 1.7 years, patients with dyspnea, both 
those with and without known CAD, had increased cardiovascular and all-cause mortality rates. 
Among patients with no known history of CAD, those with dyspnea had 4.6 times the annualized rate 
(%/years) of sudden cardiac death of asymptomatic patients and 2.6 times the risk of patients with 
typical angina. It was concluded that dyspnea may represent myocardial ischemia (an anginal 
equivalent) and underlying CVD, and that this response should be documented and included in the 
clinical assessment of patients referred for cardiac stress testing.  

  Hemodynamic Responses 

 Although exercise-induced ST-segment displacement and angina pectoris have been the primary, 
and often sole diagnostic and prognostic criteria to identify occult or progressive CAD, the evaluation 
of hemodynamic responses (i.e., heart rate and blood pressure) before, during and immediately after 
exercise enhance the predictive value of exercise testing. Chronotropic incompetence, a delayed 
decrease in the recovery heart rate immediately after peak or symptom-limited exercise testing, and 
exertional hypotension are associated with underlying CAD and increased mortality. 

  Chronotropic Incompetence.   Sustained relative bradycardia (subsequently termed chronotropic 
incompetence), that is, the inability to achieve an expected peak or maximal heart rate on exercise 
testing, has been shown to independently predict significant CAD, even in the absence of other 
abnormal signs or symptoms  (37) . For patients who are not taking beta-blockers (or other heart rate 
blunting drugs) and whose tests are terminated due to volitional fatigue, chronotropic incompetence 
is apparent if the heart rate reserve – calculated as follows: (peak heart rate − resting heart rate)/
([220 − age] − resting heart rate) – is less than 80% during exercise-induced stress  (38) . For 
example, a 60-year-old male, with a resting heart rate of 75 beats/min in the upright position, 
attains a maximal exercise heart rate of 138 beats/min at which point the test is terminated due to 
volitional fatigue. His heart rate reserve would be calculated as 220 – 60 – 75 = 85 beats/min. 
A normal maximal heart rate would be 80% or more of 85 beats/min, added to the resting heart rate 
of 75 beats/min, that is, ≥143 beats/min. Thus, this man would be classified as demonstrating 
chronotropic incompetence.  

  Recovery Heart Rate.   The decrement in heart rate after peak or symptom-limited exercise 
testing has also been suggested as an important predictor of mortality, even after accounting for 
ST-segment depression and/or angina pectoris, angiographic severity of CAD, left ventricular 
function, cardiorespiratory fitness, chronotropic incompetence, and the Duke treadmill score  (39) . 
Previously, after adjusting for potential confounding variables, researchers reported that a delayed 
decrease in heart rate, defined as a reduction of 12 beats/min or less from the heart rate at peak 
exercise, was associated with a relative risk of 2.0 (CI = 1.5–2.7)  (40) . It was concluded that this 
response, which may be a reflection of decreased vagal activity, is a powerful predictor of overall 
mortality. Another study of a large cohort of asymptomatic men with diabetes found that heart rate 
recovery measured even as long as 5 min following maximal exercise was independently associated 
with higher cardiovascular and all-cause mortality  (41) .  

  Heart Rate Profile.   Recently, the heart rate profile before, during, and after maximal exercise 
testing was assessed in a cohort of 5,713 asymptomatic working men (between the ages of 42 and 53 
years), none of whom had documented CAD  (42) . During a 23-year follow-up, the relative risk (RR) 
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of sudden cardiac death was increased in subjects with a resting heart rate that was greater than 75 
beats/min (RR = 3.9), in subjects with an increase in heart rate during exercise that was less than 89 
beats/min (RR = 6.2), and in subjects with a decrease in heart rate of less than 25 beats/min at one 
minute after the termination of exercise (RR = 2.2). After adjusting for potential confounding 
variables, these three responses remained strongly associated with an increased risk of sudden death. 
It was concluded that abnormalities in autonomic function, that is, impairment of the ability to 
increase both sympathetic and vagal activity rapidly, may precede manifestations of CAD and 
contribute to the early identification of persons at high risk for sudden cardiac death.  

  Prognostic Blood Pressure Responses.   The “normal” hemodynamic response to exercise is a 
progressive increase in systolic blood pressure, typically 8–12 mmHg per MET, with a possible 
plateau at peak exercise  (16,   22) . Exertional hypotension (systolic blood pressure that fails to rise or 
falls [>10 mmHg]) with incremental exercise may signify myocardial ischemia, left ventricular 
dysfunction, or both. Men with a maximal exercise systolic blood pressure < 140 mmHg had a 
3.8- and 14.7-fold increase in the annual rate of sudden cardiac death as compared with those whose 
pressures reached 140–200 mmHg and exceeded 200 mmHg, respectively  (43) . 

 The normal response to exercise is no change or a slight decrease in diastolic blood pressure. An 
exercise-induced increase of more than 15 mmHg in diastolic pressure may signify severe CAD, even 
in the absence of ischemic signs and symptoms  (44) .   

  Exercise Capacity 

 Large cohort and clinical studies have identified a low level of aerobic fitness as an independent risk 
factor for all-cause and cardiovascular mortality  (22,   45,   46) , as well as varied comorbid conditions, 
including diabetes. Previously, researchers at the Cooper Institute/Clinic studied >8,600 nondiabetic 
men who were followed for approximately 6 years  (47) . After adjusting for confounding variables, men 
in the low-fitness group (the least 20% of the cohort) at baseline had a 1.9- and 3.7-fold risk of develo-
ping impaired fasting glucose and diabetes, respectively, as compared with those in the high-fitness 
group (the most fit 40% of the cohort). A more recent report by several of these investigators found that 
diabetic men in the lowest, second, and third quartiles of cardiorespiratory fitness had 4.5-, 2.8-, and 
1.6-fold greater risk for overall mortality than men in the highest quartile of cardiorespiratory fitness, 
even after adjusting for age, risk factors, and other potential modulating factors  (48) . 

 Numerous studies in men and women suggest that each 1-MET increase in exercise capacity 
appears to convey an 8–17% reduction in mortality risk  (22) . The Aerobic Center Longitudinal Study 
represents a unique database regarding fitness and mortality. Tables  4  and  5  illustrate low, moderate, 

  Fitness  group 

  Age groups (years)  

  20–39    40–49    50–59    60+  

 Low  ≤10.5  ≤9.9  ≤8.8  ≤7.5 
 Moderate  10.6–12.7  10.0–12.1  8.9–10.9  7.6–9.7 
 High  >12.7  >12.1  >10.9  >9.7 

 Table 4 
   Fitness and Mortality in Men, ACLS, Fitness Categories   

 Courtesy of the Cooper Institute for Aerobics Research, Dallas, TX, with 
permission .

 Table values are maximal METs attained during treadmill exercise testing .
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and high fitness levels (in METs), expressed as a function of age and gender. The low-fitness groups 
are at increased mortality risk, whereas the high-fitness groups generally have an excellent prognosis, 
regardless of existing comorbidities or underlying CAD. These data should be helpful in counseling 
patients regarding their current exercise capacity and long-term fitness goals. For example, a 55-year-old 
man who achieves 7 min on the conventional Bruce treadmill protocol, corresponding to an estimated 
aerobic capacity of 8.3 METs (Table  2 ), would be classified in the low fitness category (Table  4 ), 
which is associated with an increased mortality rate. An initial goal would be to increase his fitness 
to the moderate category (8.9–10.9 METs) and higher (>10.9 METs), if possible, in the future. 
Conversely, a 65-year-old woman who achieves 6 min on the conventional Bruce treadmill protocol, 
would have an estimated aerobic capacity of 7.0 METs (Table  2 ), corresponding to the moderate or 
average fitness category (Table  5 ). A goal for her would be to achieve high fitness, or >7.5 METs.    

  The Duke Treadmill Score 

 Researchers at Duke University have incorporated three treadmill test variables into a mathemati-
cal formula or treadmill score, which has proven to be extremely valuable in assessing prognosis and 
the severity of underlying CAD. Initially, the Duke treadmill score was validated on a population of 
inpatients with chest pain who underwent both cardiac catheterization and treadmill testing  (49) , and 
subsequently on outpatients (men and women) referred for noninvasive evaluation of CAD, but 
without recent myocardial infarction or coronary revascularization  (50) . The score has also been 
shown to predict significant (≥75% coronary obstruction) and severe (three-vessel or left main) CAD 
 (51) . Accordingly, treadmill scores can help to determine the type and advisability of further diag-
nostic testing. 

 The Duke Treadmill Score uses exercise time (minutes), based on the conventional Bruce treadmill 
protocol (Table  2 ), ST-segment displacement (millimeters), and an anginal index (0, none; 1, occurring 
during the treadmill test; 2, reason for terminating the test):

  Treadmill Score = Exercise time – (5 × ST displacement) – (4 × Angina index)   

 Using these calculations, treadmill scores identified patients at low (≤+5 points), moderate (−10 to +4), 
and high (≤−11) risk of subsequent cardiac events. Low-risk patients could be spared from additional 
diagnostic studies, whereas high-risk patients would be referred for cardiac catheterization. Thus, for 
these patient subsets, treadmill scores render additional noninvasive testing unnecessary. To provide 
a simpler method of determining prognosis, the earlier referenced responses were plotted as a nomo-
gram that provides an estimate of 5-year survival and average annual mortality  (52) . 

  Fitness  group 

  Age groups (years)  

  20–39    40–49    50–59    60+  

 Low  ≤8.1  ≤7.5  ≤6.5  ≤5.7 
 Moderate  8.2–10.5  7.6–9.5  6.6–8.3  5.7–7.5 
 High  >10.5  >9.5  >8.3  >7.5 

 Table 5 
   Fitness and Mortality in Women, ACLS, Fitness Categories   

 Courtesy of the Cooper Institute for Aerobics Research, Dallas, TX, with 
permission .

 Table values are maximal METs attained during treadmill exercise testing .
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 To determine the predictive accuracy of exercise testing in diabetics, researchers studied 100 
diabetics and 202 age- and sex-matched nondiabetic controls without known CAD stratified by the 
Duke Treadmill Score and followed for an average duration of 6.6 years  (53) . Although diabetics had 
higher rates of major adverse cardiac events than nondiabetics, the Duke Treadmill Score was a strong 
independent predictor of composite events in both diabetics and nondiabetics, highlighting its value 
in this patient cohort who carry a high risk for CAD.        
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Abstract

Exercise often has many positive effects on diabetes management, including improved glycemic  control, 
assistance with weight maintenance, increases cardiorespiratory fitness, and general sense of well-being. 
However, as diabetic patients can also have other conditions that can be negatively affected by exercise, 
such as cardiovascular disease and neuropathy that makes them vulnerable to foot problems and retinopa-
thy, exercise should be carefully monitored by the health provider, especially during the initiation period. 
Therefore, careful evaluation of patients for complications that may present incremental risks or interfere 
with the capacity for exercise is an important first step in planning an appropriate exercise program. This 
chapter will review the currently available guidelines and will provide practical information regarding the 
implementation of exercise programs in diabetic patients with conditions that may interfere with exercise 
and will need additional attention.

Key words: Retinopathy; Neuropathy; Cardiovascular disease; Exercise.

 Diabetes    affects nearly 21 million children and adults in the USA or 7% of the population  (1) . 
Diabetes is a chronic, often debilitating, and disabling illness due to the complications that accompany 
the disease. These complications, including coronary artery disease, peripheral neuropathy, nephropa-
thy, and retinopathy, can largely be prevented through proper medical therapy and lifestyle measures, 
such as eating a healthy diet, maintaining a normal weight, and participating in regular exercise. 
However, only a minority of people with diabetes achieve adequate glycemic control (HcA1C < 7.0%) 
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and even fewer also reach established targets for blood pressure and lipids  (2) . Consequently, long-
term complications of diabetes are still prevalent and may even be present at the time of diagnosis in 
people with type 2 diabetes. Careful evaluation of patients for complications that may present incre-
mental risks or interfere with the capacity for exercise is an important first step in planning an appro-
priate exercise program. 

  ROLE OF EXERCISE IN DIABETES MANAGEMENT  

 Exercise often has many positive effects on diabetes management. These include improved glycemic 
control, assistance with weight maintenance, increased cardiorespiratory fitness, and general sense 
of well-being. In type I diabetes, the primary exercise-related goal is to make it possible for patients 
to participate in recreational exercise and sports and to capture the general health benefits afforded 
by exercise. In type 2 diabetes, a regular program of physical exercise should be an integral part of 
the treatment program. The American Diabetes Association (ADA) recommends 150 min per week 
of moderate intensity exercise (50–70% of maximum heart rate) or 90 min per week of vigorous 
(>70% of maximum heart rate) exercise per week to maintain weight, improve glycemic control, 
and reduce cardiac risk  (3) . In the absence of contraindications, the ADA and the American College 
of Sports Medicine also recommend resistance exercise three times per week to patients with type 
2 diabetes. 

 Certainly, imparting the aforementioned recommendations to patients is quite facile. “Advised 
exercise regimen? Check.” But diabetes complications plague many patients with diabetes before 
they undertake an exercise program and may affect ability to safely exercise. What advice is appro-
priate for the 25-year-old woman with type 1 diabetes and diabetic retinopathy who wants to start 
horseback riding? Or the 50-year-old man with peripheral neuropathy who wants to start exercising 
on a treadmill? This chapter outlines an approach to exercise in patients with preexisting complica-
tions of diabetes - neuropathy, nephropathy, and retinopathy. Patients with established coronary 
artery disease often require the monitored environment of cardiac rehabilitation, which is reviewed 
in the following chapter.  

  GLUCOSE CONTROL AND EXERCISE  

 All people with diabetes, particularly those with type 1 diabetes or people with type 2 diabetes, 
who require insulin therapy, may have problems with glucose control with exercise (see  Table   1 ). 
There may be a decreased need for insulin during exercise, as well as increased risk of hypoglycemia. 
High-intensity, short-term exercise may also cause an acute rise in blood glucose in people, even with 
well-controlled diabetes  (5) . Clearly glucose regulation, particularly in diabetes type I, is critical. 
Problems include hypoglycemia during and following exercise, as well as hyperglycemia and ketosis 
as a response to strenuous exercise. The details of glucose management and alterations in insulin and 
glucose physiology with exercise are covered elsewhere.      

  CARDIOVASCULAR DISEASE  

 Exercise has beneficial effects as well in patients with coronary artery disease. Exercise training as 
part of a cardiac rehabilitation program after myocardial infarction, for example, has been shown to 
decrease mortality  (6) . Exercise also improves insulin sensitivity, lipid metabolism and expends calo-
ries, all of which may have a positive impact on the development of cardiovascular disease (CVD). 
As remarked elsewhere, however, patients with diabetes have high prevalence of CVD - both overt and 
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undiagnosed. Hypercholesterolemia, hypertension, and associated cardiac disease frequently accom-
pany diabetes. Some consider the diagnosis of diabetes akin to a coronary heart disease equivalent  (7) . 
For example, a large study in Finland found that the risk of first major coronary event in high-risk 
patients with diabetes was approximately equal to that of nondiabetic patients with prior myocardial 
infarcts  (8) . Complications of diabetes confer additional risks to patients. Autonomic neuropathy, for 
example, is associated with “silent” ischemia as well as increased risk of sudden death. People with 
diabetes have a lower survival rate after myocardial infarction and a poorer prognosis after diagnosis 
of coronary artery disease  (9) . Therefore, appropriate screening is necessary before initiating an exer-
cise program. Procedures and limits related to testing are covered in Chap. 10. 

  Retinopathy 
 The confluence of diabetes and retinopathy poses an additional layer of concern for risks of exer-

cise to the patient. As covered in other chapters, exercise may help to delay or prevent complications 
in diabetes. The concern is that exercise may exacerbate several diabetes-related complications. 
Among these, one of the most potentially serious is proliferative retinopathy, which predisposes to 
vitreous hemorrhage and traction retinal detachment. Exercises that increase blood pressure, particu-
larly high-intensity exercise that involves Valsalva maneuvers, as well as jarring head motions, can 
precipitate these devastating complications. Patients with proliferative retinopathy have significant 
restrictions on the type and intensity of activity that they can safely engage in due to this risk of severe 
ocular damage. 

 The underlying mechanisms hypothesized to incite these devastating events include increasing 
systolic blood pressure causing vessel rupture and hemorrhage, trauma causing retinal detachment or 
hemorrhage. The loss of circulatory autoregulation in the eye of individuals with proliferative diabetic 

 Table 1 
   Limiting Factors and Risks of Exercise for Patients 

with Diabetic Complications   ( 4     )  

  Precipitating or exacerbating cardiovascular disease  
 Angina pectoris 
 Myocardial infarction 
 Arrhythmia 
 Sudden cardiac death 
  Proliferative retinopathy  
 Vitreous hemorrhage 
 Retinal detachment 
 Retinal hemorrhage 
  Nephropathy  
 Increased proteinuria 
  Peripheral neuropathy  
 Soft-tissue and joint injury 
  Autonomic neuropathy  
 Blunted cardiovascular response to exercise 
 Decreased maximal aerobic capacity 
 Impaired response to dehydration 
 Postural hypotension 
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retinopathy may allow the retinal arteriole perfusion pressure to surpass the hemorrhagic threshold in 
the abnormal retinal vessels during exercise-induced blood pressure rise  (10) . Such increases in systo-
lic blood pressure could precipitate retinal or vitreous hemorrhage. Activities that include rapid head 
motion may also precipitate retinal detachment or vitreous hemorrhage  (4) . There is no such concern 
in nonproliferative retinal disease or macular edema. 

 Systolic blood pressure increases linearly with work intensity, reaching peak values between 200 
and 240 mm of mercury in normotensive persons in intense exercise, while diastolic pressure remains 
near resting levels  (4) . This phenomenon is present both in resistance and aerobic exercise  (11) . In a 
study of healthy older men, blood pressure and heart rate were measured during a variety of activities. 
Peak systolic blood pressure occurred with aerobic exercise and the military press (271 and 
261 mmHg, respectively)  (12) . Interestingly, in another study, exaggerated blood pressure increase 
with exercise (>60 mmHg) was associated with increased risk of developing hypertension at follow-
up (4–15 years later) and may be a predictive tool  (13) . Vigorous aerobic or resistance activity may 
be contraindicated in patients with proliferative retinopathy due to risk of inciting retinal detachment 
or retinal or vitreous hemorrhage due to blood pressure increases  (14) . Preexercise testing to deter-
mine the heart rate at which blood pressure exceeds a predetermined limit may be helpful for patients 
to self-monitor during exercise  (15) . 

 The general recommendation to patients with proliferative diabetic retinopathy is thus to avoid any 
activity that is jarring, traumatic, or involves excessive strain. The latter include maximal isometric 
contractions and Valsalva maneuvers, such as weight training. Practical general advice to the patient 
with proliferative retinopathy may include recommending avoidance of bending at the waist, lifting 
(particularly overhead), and near-maximal isometric contraction, which might be useful for the patient 
who exercises in classes at gyms or with a personal trainer and may or may not plan their own rou-
tines. Low-impact exercise, such as stationary biking (not maximal efforts as in spinning), walking, 
and swimming are recommended (see  Table   2  for more details).     

 Despite these recommendations - or perhaps because of them -most retinal and vitreous hemor-
rhages do not occur with activity. In one retrospective report of diabetic patients with episodes of 
vitreous hemorrhage, the most common antecedent activity was sleep (36%) followed closely by 
sitting or lying (26%)  (16) . Only one of six hemorrhages was associated with strenuous activity in this 
report. Finally, physical activity does not appear to be associated with progression or development of 
proliferative retinopathy. One large study followed subjects with diabetes diagnosed before the age 
of 30 for 6 years. There was no association between physical activity and development or progression of 
retinopathy, even with strenuous activity  (17) . 

 In the early stages of retinopathy, however, exercise may be beneficial. Because exercise can lower 
blood pressure and increase high-density lipoprotein (HDL), exercise may reduce risk of developing 
proliferative diabetic retinopathy and diabetic macular edema. Regular ophthalmology follow-up, 
with or without diabetic retinopathy is essential as well. With proliferative diabetic retinopathy, 
follow-up should be every 1–2 months, and without evidence of eye complications, a minimum of 
annually  (14) .  

  Nephropathy 
 There are no explicit limitations to exercise in patients with diabetic nephropathy. The pathophysiol-

ogy underlying development of microalbuminuria has not been determined, but is generally considered 
to be associated with endothelial dysfunction and changes in renal blood flow. Increased blood pressure 
is related to albuminuria progression and, therefore, hemodynamic factors play a role. Numerous stud-
ies have noted that in patients with diabetes-related nephropathy, exercise can acutely increase urinary 
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protein excretion. For example, one study examined children and adolescents with and without type 1 
diabetes. While baseline albumin excretion rates were similar between the groups, albumin excretion 
rates after exercise were significantly higher in the subjects with diabetes type 1  (18) . 

 In another study of children and adolescents with diabetes type 1, postexercise albuminuria was not 
correlated with the development of microalbuminuria at 6-year follow-up  (19) . In contrast, a study of 
adults with insulin-dependent diabetes who were initially normoalbuminuric for 10 years found that 
the postexercise urine albumin to creatinine ratio at baseline was predictive of rest microalbuminuria 
in 80% of affected subjects at 10-year follow-up  (20) . Another study examined postexercise albu-
minuria in children with differing durations with diabetes. While children who had diabetes for less 
than 5 years did not have significant albuminuria with exercise, those with disease for longer than 5 
years did have significant albuminuria with exercise, and 43% had accompanying immunoglobulin G 
(IgG) and transferrin, indicating glomerular damage  (21) . In a similar study, participants exercised at 
a fixed workload; exercise-induced increases in systolic blood pressure were exaggerated in subjects 
with diabetes-related microalbuminuria as compared to patients with uncomplicated diabetes and 
control subjects  (22) . 

 Angiotensin-converting enzyme (ACE) inhibitors may decrease the amount of exercise-induced 
albumin excretion in type 1 diabetes  (23,   24) , perhaps through reduction in renal intracapillary pres-
sure by inhibiting angiotensin-induced vasoconstriction on the efferent glomerular artery  (22) . ACE 
inhibitors are currently standard care for rest microalbuminuria. 

 Efforts to link exercise-induced proteinuria to a precursor stage of microalbuminuria have been 
inconclusive  (22) . One study of fixed workload demonstrated that exercise-induced albuminuria was 

 Table 2 
  Recommendations to Patients with Proliferative Diabetic Retinopathy  

  Exercise   Recommendation  Exercise  Recommendation 

 Walking  Recommended  Yoga  Use  extreme caution ; avoid bending as in 
downward facing dog and shoulder stands 

 Running  Not recommended due 
to jarring 

 Pilates  Avoid due to Valsalva 

 Aerobics  Not recommended due 
to jarring 

 Dance  Use caution with rapid spinning 

 Rowing 
machine 

 Recommended at low 
intensity 

 Cycling/
spinning 

 Avoid highest intensity Valsalva in spinning; 
avoid trauma in mountain biking 

 Soccer  Not recommended due 
to heading 

 Tennis  Avoid  only if  significant Valsalva and active 
proliferative retinopathy and vitreous 
hemorrhage 

 Basketball  Use caution, avoid 
contact 

 Swimming  Use caution with kick-turns 

 Weightlifting  Not recommended due 
to Valsalva; 5–10 lb 
free weight okay 

 Downhill skiing  No jumps 

 Horseback 
riding 

 Avoid due to risk of 
trauma 

 Snowboarding  Not recommended 

 Alpine skiing  Use caution 
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not a useful predictor of microalbuminuria at 6 years of follow-up  (25) . Alternatively, another fixed-
workload study found that exercise-induced albuminuria improved with lowering hemoglobin A1C, 
and that a “window” exists during which an elevated exercise-related albumin excretion may be 
reversed by improved glucose control  (26) . Regardless of whether postexercise microalbuminuria is 
a harbinger of overt nephropathy, there is no evidence that exercise accelerates the course of diabetic 
nephropathy. 

 In chronic kidney disease, the rationale for including exercise as a part of therapy is targeted at 
reversing the catabolism and reduced exercise capacity that often accompanies end-stage renal 
disease  (27) . There are few rigorous trials looking at the effect of exercise in chronic kidney dis-
ease. One small study of dialysis patients in Greece showed that an exercise rehabilitation program 
improved muscle atrophy and overall exercise performance  (28) . In another study of participants 
with moderate renal insufficiency, resistance training improved muscle mass and nutritional status 
in the context of the challenges presented by a low-protein diet and uremia that accompany renal 
disease  (29) . 

 Limited randomized-control trials have been performed; there is no evidence that exercise improves 
or decreases glomerular filtration rate over time  (30) . There is, however, evidence that the presence 
of diabetic nephropathy is associated with diminished exercise capacity (peak VO 

2
max )  (31) . Anemia 

contributes to this relationship. In addition, exercise capacity may be used as a predictor of risk for 
cardiovascular events; presence of nephropathy may be associated with increased risk of CVD. The 
risk factors for nephropathy are similar to those for coronary artery disease, so appropriate preexercise 
screening should be performed as covered in Chap. 10. 

 In summary, as there is no evidence that exercise accelerates the course of diabetic nephropathy, there 
are no recommended limits on participation in exercise in these patients. However, the fatigue and 
anemia that often accompany chronic kidney disease may hamper patients’ desire and ability to exercise.  

  Neuropathy 
 Peripheral neuropathy, along with peripheral arterial disease, is a main underlying cause of foot 

pathology in patients with diabetes. Neuropathy can predispose to muscular atrophy resulting of claw-
ing of the toes, and collagen glycation can lead to limited joint mobility, changing foot pressures, and 
ulceration  (32) . Peripheral neuropathy results in decreased pain sensation in the extremities, which 
can lead to injury unawareness and, ultimately, Charcot joint morphology  (33) . 

 Because peripheral neuropathy results in impaired proprioception, the patient needs to rely on 
vision. Mirrors can help the patient orient without having to look at their feet. Equilibrium training 
and use of external supports may also be helpful. Range of motion exercises is also important for 
preventing and minimizing contractures  (32) . 

 Some clinicians recommend complete avoidance of weight-bearing exercise in these patients, 
although education and proper footwear may help to prevent these complications. Certainly, limiting 
weight-bearing exercise and focusing instead on bicycling, swimming, and arm exercises is prudent. 
Daily inspection of feet, limiting wearing shoes to 5 h at a time are essential for patients with periph-
eral neuropathy and/or Charcot feet. Corrective footwear can also redistribute pressures to limit pres-
sure on deformities. 

 Autonomic neuropathy presents both metabolic and hormonal derangements, both of which alter 
normal response to exercise. The adrenergic response of norepinephrine, epinephrine, growth 
hormone, cortisol, and pancreatic polypeptide is impaired in autonomic neuropathy  (34) , although 
plasma metabolite concentration does not differ between diabetes patients with and without neuropa-
thy  (35) . Hypoglycemia is more common during exercise in patients with autonomic neuropathy as 
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the blunted adrenergic response to hypoglycemia limits counterregulatory activity on the liver. 
Neuropathic patients may also be more apt to be unaware of this hypoglycemia due to blunted auto-
nomic activity. Diminished catecholamine-derived symptoms (including classic symptoms of tremor, 
sweating, and anxiety) may then result in progression to neuroglycopenia without antecedent warning 
 (4) . Gastroparesis - concomitant with autonomic neuropathy - may also result in variable delivery of 
calories, contributing to both hyper and hypoglycemia. 

 Autonomic neuropathy can also present increased risk of injury to the patient due to decreased 
cardiac response to exercise, postural hypotension, impaired thermoregulation, impaired thirst sensa-
tion, and gastroparesis  (36) . Most inhibiting to exercise is perhaps the impairments to heart rate and 
blood pressure adaptations to exercise. In terms of heart rate, autonomic neuropathy is associated with 
changes in resting work and impaired work capacity during exercise  (37,   38) . Patients with autonomic 
neuropathy often have an increased resting heart rate, likely secondary to a cardiac vagal defect  (10) . 
The increase in heart rate during exercise at low intensity is in part mediated by reduction in vagal 
tone, and increased heart rate in more intense exercise is related to sympathetic outflow. Patients with 
autonomic neuropathy do not exhibit the same increases in heart rate that unaffected people do, 
as autonomic neuropathy impairs both vagal tone and sympathetic outflow. In addition, maximal aerobic 
capacity is impaired in autonomic neuropathy, which may be related to the above detailed blunting of 
heart rate increase and cardiac output  (10) . For example, one study of young type 1 diabetic patients 
found that the exercise capacity of active subjects with both peripheral and autonomic neuropathy was 
reduced compared to active controls and diabetic patients without neuropathy ( Fig.   1 )  (39) . The exer-
cise capacity of the physically active diabetic patients with neuropathy was similar to that of sedentary 
nondiabetic and diabetic subjects without neuropathy  (39) . Impaired lung function as well as reduc-
tion in oxidative capacity of muscle fibers may also contribute  (32) .  

 Patients with autonomic neuropathy also have lower-resting blood pressure and blunted blood pres-
sure response to exercise compared to patients without diabetes and diabetic patients without neuropa-
thy  (40–  42) . The autonomic nervous system normally regulates increases in blood pressure with 

  Fig. 1.    The mean heart rate in healthy, nondiabetic subjects who exercised regularly ( CE ), diabetic patients – regular 
exercisers ( DE ), diabetic neuropathic regular exercisers ( DNE ), healthy nondiabetic subjects who did not exercise 
regularly ( CS ), and diabetic patients who did not exercise regularly ( DS ). All exercisers exercised regularly primarily 
in the form of endurance training (running) more than three times per week and at least 45 min per session. At resting 
conditions, heart rate was lowest in CE and highest in DS ( p  < 0.0001). No difference existed at the 25 and 50% of 
the total exercise time but at the 75% and maximal effort points the heart rate was lower in DNE compared with all 
other groups ( p  < 0.05)  (39 , 45   ).       
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exercise. In autonomic neuropathy, blood pressure falls with exercise, due to decreased stimulus of 
the heart and vasculature from epinephrine and norepinephrine  (12) . Impaired exercise-induced 
increase in norepinephrine is associated with a fall in systemic vascular resistance  (43) , which reduces 
systemic blood pressure. 

 Because patients with autonomic neuropathy may not experience the same responses to vigorous 
exercise - such as heart rate and blood pressure - alternative measures of exertion need to be employed. 
A commonly used scale is the Borg Scale of Perceived Exertion. Sitting or recumbent exercise is 
beneficial for maintaining blood pressure during exercise; water therapy may also help maintain blood 
pressure during exercise  (32) . Autonomic neuropathy is also strongly associated with CVD and 
affected patients should undergo a cardiac work-up before initiating exercise.   

  SUMMARY  

   •  Diabetes is an increasingly prevalent and debilitating disease. Exercise is an important part of general health 
for people with diabetes type 1 and essential to care for patients with diabetes type 2.  

 •  Complications of diabetes — particularly coronary artery disease, retinopathy, nephropathy, and both periph-
eral and autonomic neuropathy — increase the risks associated with and can limit types of exercise.  

 •  Exercise can precipitate angina and ischemia in patients with coronary artery disease, both known and 
unknown. Preexercise evaluation, including a graded exercise stress test, is advised.  

 •  Patients with proliferative retinopathy need guidelines for activity; jarring and strenuous activities can 
predispose to traction retinal detachment and vitreous hemorrhage and should be avoided.  

 •  After an acute retinal detachment or hemorrhage, exercise is limited and must be cleared by an ophthalmologist.  
 •  Exercise may cause exercise-related microalbuminuria due to increases in blood pressure, but there is no 

evidence that exercise lead to progression of renal disease.  
 •  Peripheral neuropathy can predispose to ulcers and Charcot foot morphology with exercise due to lack of 

sensation. Nonweight-bearing exercise is recommended.  
 •  Autonomic neuropathy impairs cardiac reactivity to exercise and can lead to orthostasis. Gastroparesis and 

impaired sweating can further interfere with ability to exercise. Relative perceived level of exertion may be 
needed as a proxy for heart rate with exercise. Preexercise cardiac evaluation is essential.         
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  Abstract 

 Exercise is an important aspect of the care of persons with type 1 diabetes and presents different 
challenges than in type 2 diabetes. In this chapter, American Diabetes Association recommendations for 
exercise will be reviewed as well as pathophysiologic differences in type 1 diabetes including counter-
regulatory hormones with an emphasis on exercise-related hypoglycemia and exercise in youth with type 
1 diabetes. The risks and benefits of exercise, practical considerations, and new technologies will also be 
discussed.  

  Key Words:   Type 1 diabetes mellitus ;  Exercise ;  Hypoglycemia ;  Counterregulatory hormones ;  Self-monitoring 
blood glucose ;  Insulin pump.     

  INTRODUCTION  

 Exercise, in addition to diet and insulin, has been one of the essentials of diabetes management 
since early last century  (1) . However, the specific pathophysiology of type 1 diabetes mellitus (T1DM) 
- in contrast to type 2 diabetes mellitus (T2DM) - requires treatment with exogenous insulin, which 
impairs the body’s ability to maintain glycemic homeostasis during exercise and presents both the 
patient with T1DM and their health-care provider with challenges. 
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 T1DM is characterized by autoimmune destruction of beta cells in the pancreas leading to absolute 
insulin deficiency and the need for daily insulin injections to control blood glucose concentrations  (2) . 
A number of advances have been made in the past few decades in the care of persons with T1DM, 
which include home glucose monitoring  (3) , development of insulin analogues  (4) , demonstration of 
the benefit of intensive diabetes management on the prevention of microvascular  (5,   6)  and macrov-
ascular disease  (7,   8) , insulin pump therapy  (9) , and, more recently, the advent of continuous glucose 
monitoring  (10) . These advances have provided improved tools for daily management for persons 
with T1DM, but are labor intensive and require a sophisticated understanding of diet, exercise, and 
insulin actions. Despite these therapeutic advances, exercise for persons with T1DM requires thought-
ful adaptations of daily dietary and insulin management and continues to be a challenge to patients 
and their health-care providers. 

 Early references stressed the importance of exercise for both control of glycemia and for general 
health  (1) . A number of fundamental differences exist concerning the pathophysiology of T1DM as 
compared to T2DM that have important implications for both the study of exercise in T1DM and for 
practical guidelines for exercise for persons with T1DM. In addition to both exogenous insulin and 
carbohydrate intake, disregulated counterregulatory hormone and autonomic responses are of great 
importance in exercise for people with T1DM and will be discussed. In this chapter we will review 
the pathophysiology of T1DM in regard to exercise as well as practice guidelines and expert opinion 
on management of exercise, particularly in youth with T1DM, and the risks and benefits of exercise.  

  ADA RECOMMENDATIONS  

 The American Diabetes Association (ADA) recognizes both the importance and challenges of 
exercise in T1DM and specifically addresses these issues in a recent position statement  (11) : “For 
people with type 1 diabetes, the emphasis must be on adjusting the therapeutic regimen to allow safe 
participation in all forms of physical activity consistent with an individual’s desires and goals.” While 
exercise is considered an important part of routine T1DM management, evaluation of the patient with 
T1DM prior to initiating exercise is recommended with a graded exercise test for anyone, >35 years 
(or if >25 years with >15 years T1DM duration) or in the presence of any one of the following: any 
additional risk factor for coronary artery disease (CAD), microvascular disease, peripheral vascular 
disease, or autonomic neuropathy (12,   13) . Other recommendations for preparation for exercise 
include proper warm-up and cool-down periods and adequate hydration. Specific precautions for feet 
are necessary in many older individuals with T1DM. Certain activities are discouraged in the presence 
of diabetic complications (e.g., micro- or macrovascular disease), such as activities that increase 
blood pressure (e.g., weight lifting), may cause eye injuries (e.g., boxing), foot injury (e.g., in persons 
with Charcot joint), or hypoglycemia (e.g., in those persons with hypoglycemic unawareness). 

 General metabolic guidelines include adequate glycemic control prior to physical activity; avoid if 
fasting glucose is >250 mg/dl and elevated blood or urine ketones and use caution if >300 mg/dl and no 
ketonuria/ketonemia, ingest carbohydrates if glucose <100 mg/dl, monitor blood glucose before, during, 
and after physical activity, and consume food during extensive exercise to avoid hypoglycemia.  

  PATHOPHYSIOLOGY  

  Physiologic Differences in T1DM 
 A brief description of metabolic adaptations to exercise in nondiabetic individuals will be reviewed 

both as an introduction and for comparison with the physiologic changes that occur in T1DM. The 
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normal physiologic adaptation to exercise in persons without T1DM involves complex neurohormonal 
regulation to maintain euglycemia. With exercise, muscles utilize circulating free fatty acids, muscle 
triglycerides and glycogen, and liver glycogen, with the proportion of fuel derived from muscle and 
liver glycogen increasing as the intensity of exercise increases. Concomitantly, insulin secretion is 
reduced while the counterregulatory hormones glucagon, growth hormone, cortisol, and cathecho-
lamines are increased to maintain euglycemia as exercise continues  (2,   13–  15) . 

 In T1DM, the inability of the pancreas to produce and regulate insulin concentrations impairs the 
normal metabolic adaptation to exercise. Compared to the normal physiologic response to decrease 
insulin concentrations with exercise, exogenous insulin delivery lacks the dynamic adaptability and 
precise control found in nondiabetics and can result in either too much or too little insulin for a given 
physiologic state. Excessive exogenous insulin during exercise can lead to hypoglycemia. Mechanistic 
explanations for this include inappropriate inhibition of hepatic glucose production and lipolysis, 
suppression of counterregulatory glucagon secretion with hypoglycemia, and decreased growth hormone 
and cortisol release [reviewed in  (15,   16)] . Catecholamine response in T1DM has also been demon-
strated to be impaired in youth during exercise  (17)  and this may be accentuated with strict glycemic 
control  (18) . Counterregulatory hormone responses have been found to be impaired in strictly control-
led (hemoglobin A1 = 7.6 ± 0.7%) as compared to poorly controlled (hemoglobin A1 = 11.5 ± 1.7%) 
subjects with T1DM or nondiabetic controls  (18) . The subjects with T1DM also had a lower threshold 
of glucose required to trigger epinephrine release and an enhanced suppressive effect of insulin on 
hepatic glucose output. Exercise has been shown to significantly reduce glucagon, catecholamine, 
growth hormone, pancreatic polypeptide, and endogenous glucose production to subsequent hypogly-
cemia  (19)  and, likewise, hypoglycemia prior to exercise has been shown to blunt counterregulatory 
responses during exercise  (20) . The issue of gender differences in the responses to hypoglycemia after 
exercise  (21)  or to exercise after hypoglycemia  (22)  have been investigated with a better counterregu-
latory response described in women as compared to men. 

 Additional factors associated with exercise-induced hypoglycemia in T1DM include improved 
insulin sensitivity, increase in insulin-independent glucose transport, and the possible increase in 
subcutaneous insulin absorption secondary to increased blood flow to the area of the insulin injec-
tion. This can occur after injection into subcutaneous tissue in the leg prior to running, for example, 
and can lead to increasing, not decreasing insulin concentrations with exercise and consequent 
hypoglycemia  (23) . 

 In contrast, insufficient insulin during exercise can lead to hyperglycemia secondary to excessive 
hepatic glucose output as well as impaired muscle utilization of glucose. Insulin insufficiency can also 
lead to lipolysis with increased free fatty acid release and ketonemia. Dehydration resulting from 
hyperglycemia and resultant osmotic diuresis may further exacerbate the severity of ketonemia. High-
intensity exercise can accentuate these pathophysiologic changes  (24) . Therefore, recommendations 
published by the ADA in 2004 are to avoid physical activity if preexercise blood glucose levels are 
>250 mg/dl with ketonuria/ketonemia and to use caution if >300 mg/dl  (11) . The recommendation to 
avoid strenuous exercise if preexercise glucose levels are >250 mg/dl with ketones was recently rein-
forced in guidelines published by the International Society of Pediatric and Adolescent Diabetes  (25) . 
They recommend a bolus dose of 0.05 U/kg (or 5% of total daily insulin dose) to be given and exercise 
be postponed until ketones have cleared.  

  Risks and Benefits 
 While exercise is encouraged for all people, including persons with T1DM, studies have been vari-

able in demonstrating that exercise independently improves diabetic glycemic control (as measured 
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by HbA1c levels)  (13) . However, multiple benefits on cardiovascular disease (CVD) risk profile exist 
for exercise such as improved lipoprotein profile, blood pressure, cardiovascular fitness, quality of 
life, and insulin sensitivity and reduced insulin requirement and body weight  (11,   13,   26) . 

 Epidemiologic data from people with T1DM followed long term in Pittsburgh suggest a beneficial 
association between physical activity and CVD and mortality  (27) . Another report found that children 
and adolescents with T1DM spent more time in sporting activities than their nondiabetic siblings  (28) . 
Activity correlated only with a reduced insulin dose, but not with HbA1c levels. 

 Exercise has been shown to improve insulin sensitivity in nondiabetic persons. Similarly, a recent 
study involving 50 children with T1DM who were randomized to 1 h of afternoon exercise on one 
study visit, or no exercise on another study visit, found significantly lower glucose levels until break-
fast the next day following the exercise  (29) . One mechanism explaining this might be an increase in 
translocation of the GLUT4 transport protein to muscle membrane upon insulin stimulation, which 
has been shown to occur for at least 3.5 h after exercise  (30)  and may contribute to the increase in 
insulin sensitivity which may be seen for up to 16 h  (31) . 

 Previous studies utilizing the hyperinsulinemic-euglycemic clamp studies in adolescents suggested 
that youth with T1DM had similar physical fitness as assessed by VO 

2
max , but lower total-body 

insulin-mediated glucose metabolism as compared to controls ( p  = 0.0002)  (32) . Insulin-mediated 
glucose metabolism correlated with VO 

2
max  in both subjects with T1DM and controls, but for similar 

levels of physical fitness, subjects with T1DM had more insulin resistance than controls. Much of the 
insulin resistance was attributable to glycemic control as assessed by glycated hemoglobin  (32) . 

 Increased insulin resistance has long been known to occur in persons with T1DM as compared to 
non-diabetes mellitus (DM) controls with studies using the euglycemic clamp technique  (33–  38) . 
Recent data has demonstrated that adult patients with T1DM show decreased insulin-mediated 
suppression of free fatty acid levels compared to controls  (39) . Insulin sensitivity has also been shown to 
be decreased in T1DM youth, when compared to lean controls, with glycemia as the major contributor 
 (40) . Importantly, and very recently, the assertion that exercise function, as assessed by VO 

2
max , is 

not different in adolescents with T1DM compared with controls has been challenged. Nadeau and 
colleagues have shown that, in fact, a reduction in exercise function (VO 

2
max ) is found early in the 

pathophysiology of diabetes, regardless of diabetes type, and is directly related to insulin resistance 
 (41) . Therefore, increasing exercise to reduce insulin resistance in persons with T1DM could have 
numerous health benefits that are self-potentiating, including reduction of CVD risk which is the lead-
ing cause of mortality in persons with T1DM  (42) , as in persons with T2DM.   

  HYPOGLYCEMIA  

 The Diabetes Control and Complications Trial demonstrated the benefit of intensive glycemic 
control on both microvascular  (5,   6)  and macrovascular  (7,   8)  outcomes in persons with T1DM. 
Accompanying the improved glycemic control however was a two to sixfold increase in severe 
hypoglycemia in intensive as compared to conventionally treated subjects  (43) . While hypoglycemia 
continues to be the most important barrier to tight glycemic control, the increased use of insulin 
pumps or nonpeaking basal insulin have decreased this risk  (44)  and continuous glucose monitoring 
has the potential for further reductions in hypoglycemic events. 

 Not only is hypoglycemia a concern in persons with T1DM, in general, but more so during exercise 
for the reasons outlined in the pathophysiology section. Furthermore, delayed hypoglycemia postex-
ercise has been a well-described complication occurring most frequently 6–15 h after strenuous exer-
cise or play  (45) . When exercise takes place in the afternoon or early evening, as is often the case for 
school-aged children, this window of susceptibility to delayed hypoglycemia corresponds to the 
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middle of the night. In fact, up to 75% of severe hypoglycemic events in children are nocturnal  (46) . 
It has been shown that the glucose infusion rate (GIR) required to maintain euglycemia increases 
between 7 and 11 h after 45 min of bicycle exercise at 55% of VO 

2
max   (47) . In these youth, who 

exercised in the after-school period, this corresponded to a maximal GIR between 11 p.m. and 3 a.m., 
a time when it might be expected that a child or adolescent and their parents are asleep and not moni-
toring blood sugars as one might during the waking hours. 

 Furthermore, in an experiment utilizing hyperinsulinemic-stepped hypoglycemic clamps, subjects 
with T1DM had reduced awakening from sleep during hypoglycemia as compared to nondiabetic 
subjects, likely due to impaired sympathoadrenal responses  (48) . They concluded that impaired sleep-
related autonomic responses to low blood glucose levels coupled with imperfect insulin replacement 
explained the high frequency of nocturnal hypoglycemia. Hypoglycemia-associated autonomic failure 
in diabetes has been reviewed recently, including syndromes of defective glucose counterregulation 
and hypoglycemic unawareness (and that antecedent hypoglycemia - described as a unifying concept 
of hypoglycemia-associated autonomic failure - can cause both)  (49,   50) . 

 A series of experiments to further investigate the effects of exercise on youth with T1DM has been 
undertaken by the Diabetes Research in Children Network (DirecNet) Study Group. Youth ages 
11–17 years were more likely to experience nocturnal hypoglycemia (<60 mg/dl) after an afternoon 
aerobic exercise session than on a “sedentary” day (48% vs. 28%,  p  = 0.009) when insulin doses and 
bedtime snacks were not adjusted. The authors identified that hypoglycemia was unusual on the 
“sedentary” night if the prebedtime glucose level was  ³  130 mg/dl  (29) . Furthermore, hypoglycemia was 
frequent (86% of subjects) during or within 45 min postexercise when preexercise glucose was <120 
mg/dl as compared to 120–180 mg/dl (13%) or >180 mg/dl (6%) ( p  < 0.001). Regarding treatment of 
hypoglycemia, the authors reported that 15 g of oral glucose only increased glucose concentrations 
by approximately 20 mg/dl and suggested that 30–45 g of carbohydrate may be a more appropriate 
amount for treatment of exercise-induced hypoglycemia  (17) . Of note, the counterregulatory 
hormones epinephrine and growth hormone levels (but not of cortisol or glucagon) were marginally 
higher in subjects whose glucose dropped below 70 mg/dl, but were clearly insufficient to prevent hypogly-
cemia. Further investigation of counterregulatory hormone responses to hypoglycemia found no 
difference in norepinephrine, cortisol, or glucagon responses to nocturnal hypoglycemia with only 
small increases in epinephrine and growth hormone  (17) . The DirecNet study group subsequently 
performed an experiment in which pump basal insulin was suspended for 2 h during a 75-min exercise 
session. Suspension of pump basal insulin compared to continued basal insulin resulted in signifi-
cantly reduced hypoglycemia during the exercise (16% vs. 43%;  p  = 0.003). After the exercise hyper-
glycemia ( ³  20% rise in blood glucose to  ³  200 mg/dl) was more frequent in the group with suspended 
basal insulin (27% vs. 4%;  p  = 0.002), although there was no detection of elevated blood ketones  (51) . 
This finding points out a potential benefit of insulin pump therapy in being able to make rapid changes 
in insulin treatment to adjust for exercise.  

  PRACTICAL CONSIDERATIONS FOR YOUTH WITH T1DM  

 Current recommendations are for school-age youth to receive 60 min of moderate to vigorous 
exercise daily for health benefits including cardiovascular and musculoskeletal health, maintaining a 
healthy weight, as well as beneficial psychosocial effects  (52) . Although there is varied data on the 
beneficial effects of exercise specifically on glycemic control in youth with diabetes, expert opinion 
recommends exercise in youth with T1DM for the same reasons as in nondiabetic youth  (53,   54) . 

 Practical strategies to prevent hypo- and hyperglycemia during exercise are numerous  (2) . Self-
monitoring blood glucose (SMBG) concentrations prior to, during, and after exercise are of the utmost 



296 Maahs et al.

importance. The ADA recommends delaying exercise if blood glucose is <100 mg/dl until additional 
carbohydrate can be ingested to raise blood glucose  (11) . The DirecNet data suggests that a preexer-
cise blood glucose of at least 120 mg/dl may be ideal  (17) . Prolonged exercise can lower blood 
glucose and requires additional monitoring and ingestion of carbohydrate after each additional 30–60 
min of continued exercise. Delayed hypoglycemia can occur for up to 12 h or more after exercise and 
additional glucose monitoring is essential. Frequent SMBG and each individual’s past experience 
with exercise and ability to recognize hypoglycemia are extremely important. Snacks prior to and 
during exercise are often necessary to maintain euglycemia with rapidly absorbed carbohydrates 
required for treating hypoglycemia, whereas combining fat and protein with carbohydrate will have a 
more prolonged and blunted effect on glycemia. Reduction of preexercise insulin doses is often 
needed. Conversely, hyperglycemia can occur with under insulinization, excessive snacking, high-
intensity exercise, or excitement (e.g., during a match vs practice) causing increased catecholamine 
release. However, exercise, especially in children, is often spontaneous. This can pose a challenge as 
reductions in insulin doses are often not possible and additional glucose monitoring and snacks as 
needed to maintain euglycemia and safety are required. If exercise is planned within 2 h of a rapid-
acting insulin injection then a reduced dose (often by 50%) is recommended. Exercise later after an 
injection may also require reductions in longer-acting injected insulin or reductions in pump basal 
insulin infusion rates. Insulin pump therapy provides the flexibility to either disconnect from insulin 
infusion for up to 2 h or to set a reduced temporary basal rate of 50% or 75% of the usual basal for 
30–60 min prior to and during exercise. This temporary reduction in basal rate can be continued 
postexercise if delayed hypoglycemia is a concern. An additional issue is to avoid injecting insulin into 
a part of the body that will be heavily used during exercise as exercise increases blood flow into the 
parts of the body that are moving and this increases insulin uptake. A final practical consideration is 
to make coaches, teammates, and exercise partners aware of the diabetes and provide hypoglycemia 
education as appropriate with easy availability of snacks, insulin, and glucose monitoring equipment. 
When hypoglycemia does occur, it is important to make certain that blood glucose levels rise prior to 
resuming the exercise. 

 Of note, despite the practical daily challenges presented by T1DM, highly accomplished athletes 
with T1DM include Adam Morrison (NBA), Gary Hall Jr. (multiple Olympic gold-medal winning 
swimmer), as well as past and present male and female professional athletes in baseball, football, golf, 
and other sports  (55) . Although T1DM has presented an additional challenge to these highly perform-
ing athletes, they have succeeded in managing their diabetes care regimen and training to achieve 
outstanding accomplishments in their sports. 

  Types of Exercise 
 The type of exercise in addition to duration may play a role in maintaining euglycemia  (56) . 

Specifically, the decline in glucose with intermittent high-intensity exercise was less than that of 
moderate-intensity exercise ( p  < 0.05) and likewise remained more stable postexercise ( p  < 0.05)  (57) . 
A short maximal sprint of 10 s duration was explored as a possible counter to exercise-induced 
decreases in glucose levels and in comparison to control subjects was associated with stabilization of 
glycemia and increased levels of catecholamines, growth hormone, and cortisol  (58) . 

 A recent review from Ridell and colleagues  (59)  provides very useful information for patients and 
providers, detailing the duration of common types of exercise equivalent to one carbohydrate exchange 
(15 g). For example, for a child with body weight of 40 kg, for every 15 min of soccer or 25 min of 
tennis, an extra 15 g of carbohydrate is required to maintain blood sugar levels, assuming no reduction 
in insulin is made. Tables and charts such as these may be extremely useful to help patients plan for 
known activities.   



Type 1 Diabetes Mellitus and Exercise 297

  NEW TECHNOLOGIES  

 Newer insulin analogues have provided persons with T1DM an improved ability to more closely 
match exogenous insulin to metabolic requirements, both with rapid-acting insulins (Lispro, Aspart, 
Glulisine) to correct hyperglycemia and to match carbohydrate intake and longer duration basal insu-
lins (Glargine, Detemir) with minimal peaks that have reduced the risk of nocturnal hypoglycemia 
 (60) . Continuous subcutaneous insulin infusion delivered with insulin pumps has a theoretic advan-
tage in allowing greater flexibility to adjust insulin delivery including temporary detachment (or 
temporary cessation of insulin delivery), temporary reduction of basal insulin delivery, and incremen-
tal dosage (delivery of rapid acting insulin as tenths of units)  (61) . 

 More recent developments have included continuous glucose monitoring devices with real-time dis-
play that have been approved by the Food and Drug Administration. These devices, while not yet suf-
ficiently accurate to completely replace SMBG, provide temporal blood glucose trends which can alert 
patients that blood glucose is falling (or rising) and that action should be taken (i.e., confirming with a 
SMBG, with appropriate bolusing with insulin or conversely suspending insulin infusion and ingesting 
carbohydrates). One obvious research goal is to improve on the technologic capabilities of both continu-
ous insulin infusion systems and continuous glucose monitoring with the ultimate goal of a “closed-loop 
system” in which insulin infusion would be automatically responsive to changes in glucose concentra-
tions  (10,   62,   63) . While advancements in this field have occurred, a number of challenges remain and 
the timeline for nonresearch availability of a “closed-loop” pancreas is still far off. Indeed, the chal-
lenges presented by exercise will provide a formidable safety trial for this technology. In the meantime, 
exercise remains and likely will always be an important component of care of persons with T1DM.  

  CONCLUSIONS  

 Exercise for persons with T1DM will continue to require close attention to SMBG with adjustment 
of insulin doses and food prior to, during, and after exercise. The benefits of exercise for persons with 
T1DM include a better CVD risk profile, body composition, insulin sensitivity, reduced insulin 
requirements, and quality of life. Numerous clinical and research challenges remain in handling exer-
cise in youth with T1DM. These include data to direct clinical care to maintain euglycemia (and 
prevent hypoglycemia) during, and after, exercise as well as technologic advances that will better 
adapt insulin and counterregulatory hormone concentration response during exercise to more closely 
mimic the normal neuroendocrine milieu. With the proper precautions, including consultation with a 
qualified health care professional, exercise should be an important part of the daily life and the care 
of people with T1DM. The number of highly accomplished athletes and millions of people worldwide 
with T1DM who exercise routinely attest to this fact.      
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15   Exercise and Type 2 Diabetes in Youth        

     Kristen   Nadeau,       Jane E.B.   Reusch, 
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Abstract

The antecedents of adult cardiovascular disease begin in childhood. Accompanying the dramatic 
increase in childhood obesity and decline in physical activity, the prevalence of type 2 diabetes mellitus 
(T2DM) in pediatrics is also rising, forecasting earlier macrovascular and microvascular complications. 
Poor physical fitness is associated with increased cardiovascular morbidity and mortality. The presence 
of T2DM appears to confer a specific exercise defect, as adults with T2DM have reduced VO

2
max, 

slower VO
2kinetics

, and slower heart rate kinetics when compared with age, pubertal stage, weight, 
and activity-matched controls. As little exercise data exists in youth with T2DM, our group assessed 
VO

2
max in adolescents with T2DM, compared with nondiabetic, obese, and lean controls. We found 

significant impairments in maximal and submaximal exercise, not explainable by weight or activity level 
alone. VO

2
max/kg was strongly related to insulin resistance, as well as inflammation, impaired endothe-

lial function, and ectopic lipid deposition. Notably, these defects are already happening in very young 
patients, with no other comorbidities or reasons for exercise dysfunction. Therefore, since exercise 
capacity predicts cardiovascular and all cause mortality, it is critical to further assess the mechanisms of 
exercise dysfunction in T2DM youth, as well as the impact of diabetes treatments in adolescents. On the 
basis of studies in adults and in  adolescents with obesity and insulin resistance, exercise interventions 
appear helpful, but further study in pediatric T2DM is required.

Key words: Exercise; Type 2 diabetes; Pediatrics; Insulin resistance.

 The antecedents of adult cardiovascular disease (CVD) begin in childhood, as factors such as lipid levels 
and obesity track from childhood to adulthood  (1,   2) . Acute cardiovascular deaths have been reported in 
adolescents with type 2 diabetes mellitus (T2DM), despite their young age  (3) . Accompanying the dra-
matic increase in childhood obesity  (4) , the prevalence of T2DM in pediatrics is also rising  (5) . In 1992, 
pediatric T2DM was rare, but by 1994, it characterized up to 16% of new onset diabetes in urban areas, 
and by 1999, between 8 and 45%, depending on location, gender, and ethnicity  (5) . Recent data demon-
strate that the lifetime risk of developing T2DM for all children born in 2000 is 32.8% for males and 
38.5% for females  (6) . Therefore, a large and growing segment of the US population is likely to be 
affected with T2DM. 
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 Importantly, the macrovascular and microvascular complications of T2DM are much more aggres-
sive in patients diagnosed as young adults relative to those diagnosed at an older age  (7,   8) . For 
example, young adults with early-onset T2DM have a much higher relative risk of developing CVD 
compared with age-matched control subjects than adults with later onset T2DM  (7) . This increased 
relative risk is most striking with MI, in which young adults had a 14-fold increased risk compared 
with matched-control subjects  (7) . Essentially, all of this increased risk occurred in young women 
with T2DM  (7) . One potential explanation for the markedly increased risk of CVD detected in this 
study is that most young adults are heavier and have more metabolic syndrome components at diabe-
tes diagnosis than adults, both important contributors to risk of CVD  (9) . 

 In addition, the prevalence of CVD increases with increasing duration of diabetes  (10) . Among the 
Pima Indians, T2DM raises the risk of death from all causes by 1.4 times if the age of onset is after 
age 20, but raises the risk of death by three times if the age of onset is less than 20 years  (8) . Of great 
concern is that deaths among a significant number of Pimas with early onset diabetes are occurring in 
middle age, significantly shortening the lifespan  (8) . Therefore, it is vital to address the metabolic 
effects of this disease in young people and devise effective treatment strategies for children with 
T2DM, as the development of comorbidities may differ between children and adults. 

 In adolescents, T2DM is more common in females  (11,   12) . The development of diabetes in young 
females before the age of childbearing translates to more pregnancies complicated by diabetes. This 
is especially concerning because gestational diabetes greatly increases the risk of offspring develop-
ing diabetes  (12) . Thus, T2DM increases the risk of CVD not just in an individual woman, but also 
in future generations. Although data to guide optimal care of CVD in adults with diabetes are limited, 
even less data exist in youth. Thus, it is vital to address the metabolic effects of T2DM in youth. 

 Poor physical fitness is associated with poor health and increased cardiovascular morbidity and mor-
tality. For example, low cardiorespiratory fitness predicts mortality in normal weight and obese men and 
women  (13,   14)  and predicts cardiovascular events  (15)  and mortality in adults with diabetes  (16) . Poor 
fitness is also associated with an unfavorable cardiovascular risk profile in children and adolescents 
 (17–  20) . Being physically fit increases the overall chance of survival  (21–  23) , decreases the incidence of 
T2DM  (24–  26) , and improves cardiovascular function in persons who already have T2DM  (25,   27) . 
Exercise also helps improve metabolic control in adult and pediatric subjects with type 1 diabetes mellitus 
 (28–  32) . Thus, exercise is a cornerstone of the prevention and treatment of diabetes  (28,   33) . In addition, 
higher levels of activity and fitness are associated with reduced risk of metabolic syndrome  (34–  41) . 

 However, despite the extensive data indicating the importance of exercise, 60–80% of adults with 
T2DM do not get the recommended amount of exercise, and adherence to exercise programs is lower 
than in nondiabetics  (29,   42) . Unfortunately, this is not a phenomenon limited to adults. Physical 
activity and fitness in general have progressively declined among children in the USA, especially 
girls  (43) , and this decrease is associated with increased body mass index (BMI)  (44) . Black girls 
are even less active than white girls, having virtually no physical activity by the end of adolescence, 
and are also at higher risk for T2DM  (45) . In a large study in 2003, measuring fitness by estimating 
VO 

2
max  from the heart rate response to reference levels of submaximal work, low fitness was identi-

fied in 33.6% of 3,110 adolescents and 13.9% of 2,205 adults  (46) . The prevalence of low fitness 
was similar in adolescent females (34.4%) and males (32.9%) but was higher in adult females 
(16.2%) than in males (11.8%)  (46) . Non-Hispanic blacks and Mexican Americans were also less fit 
than non-Hispanic whites  (46) . Low activity levels are not limited to youth in the United States. For 
example, in a Norwegian study in 2003, only 86.2% of the 9-year olds and 55.4% of the 15-year olds 
met physical activity recommendations for youth  (47) . Similarly, the activity level of youth through-
out Europe decreases throughout adolescence and is, significantly, lower among girls than among 
boys  (47,   48) . 
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 Physical activity among children has declined over the past several decades for multiple reasons 
 (49,   50) . One reason is related to the lack of safe outdoor play areas in many cities. Outdoor play has 
been replaced by video games, television, listening to music, and computers. Budgetary limitations 
and curriculum changes have also resulted in a deemphasis on regular physical education programs 
in many schools. In addition, the increasing number of homes with two working parents or a single 
parent limits the ability of parents to provide access to regular physical activity. 

 Although activity has declined recently among all Americans  (51) , people with T2DM are particu-
larly inactive  (29) . Recent research has focused on understanding why people with T2DM are not 
exercising. Regensteiner et al. found that adults with uncomplicated T2DM have reduced VO 

2
 max, 

slower VO 
2kinetics

 , and slower heart rate kinetics when compared with age, weight, and activity-matched 
controls  (30,   31,   52) , despite similar respiratory exchange ratio (RER), indicating similar effort. 
Therefore, neither low habitual physical activity level, poor effort nor weight alone were sufficient to 
explain the exercise defects seen in subjects with T2DM  (52) . Thus, the presence of T2DM appears to 
confer a specific exercise defect. Explanations for this may include a higher perceived level of exertion 
at any given workload in people with T2DM compared with that in controls. For example, adults with 
T2DM have a higher perceived exertion when compared with obese, nondiabetic, or lean controls at 
both 20 W, even when corrected for relative exercise capacity (unpublished, 2007). Therefore, subjects 
with T2DM may feel uncomfortable even during exercise at the level of activities of daily life. 

 The VO 
2kinetic

  data are perhaps the most concerning, as they demonstrate abnormalities at the level 
of activities of daily life, which certainly impacts quality of life and the likelihood that any exercise 
can be performed. In addition, in a study of young (34 ± 10 years), healthy, and normal glucose-tol-
erant subjects with either a first-degree relative (FDR) with T2DM ( n = 183), or no family history of 
T2DM ( n = 147), FDR’s had significantly lower VO 

2
 max/kg lean body mass than controls, even after 

adjusting for sex, age, BMI, habitual physical activity, and insulin sensitivity  (53) . Therefore, exercise 
impairment may precede glucose abnormalities in subjects at risk for diabetes, making young patients 
a critical group to study. If therapies can be identified to target these early defects, our treatment of 
diabetes and its precursors will improve, hopefully preventing the morbidity and mortality seen in 
adults with T2DM. 

 If the response to exercise is already abnormal in adolescents, it may forecast potentially serious 
cardiac complications at young ages. While little exercise data exist in youth with T2D, exercise func-
tion has been studied in youth with obesity and with markers of insulin resistance. Previous studies 
of exercise capacity in obese children show no differences when compared to lean children if control-
led for weight  (54) , or lean body mass  (55) . However, obese children report a higher level of perceived 
exertion at equal levels of work, and, therefore, either exercise for shorter duration  (56)  or perform 
more poorly during sustained exercise than lean controls  (57) . This higher perceived level of exertion 
may result in avoidance of exercise. Studies in severely obese adolescents also show higher resting 
heart rates but lower maximal heart rates during exercise than lean controls  (57) . This may indicate 
autonomic dysfunction, which could also contribute to decreased exercise ability. 

 Several exercise studies have also examined pediatric subjects with insulin resistance, with variable 
results. For example, treadmill physical work capacity (absolute or corrected for weight and lean body 
mass) was decreased in 11 children with fasting hyperinsulinemia, compared to 14 obese controls in 
a Hungarian study  (58) . Similarly, treadmill exercise duration, VO 

2
 max, and lactate threshold were all 

abnormal in 22 obese adolescent boys with the metabolic syndrome, when compared to 17 obese 
controls  (59) . Furthermore, in a large study of 349 children (11–14 years), predicted bicycle VO 

2
 max 

was significantly correlated to fasting insulin levels (Pearson correlation males = −0.418, females = 
−0.290,  p  < 0.006)  (60) . After an exercise intervention, improvement in predicted VO 

2
 max correlated 

with reductions in fasting insulin levels  (60) . In combination, these studies implicate insulin resistance 
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rather than just obesity per se, in causing exercise defects, as subjects with markers of insulin resist-
ance performed more poorly than equally obese controls. In contrast, in a study of 163 obese Hispanic 
children (8–13 years) with a family history of T2DM, no significant differences were found in tread-
mill absolute VO 

2
 max, VO 

2
 max adjusted for gender, age, and body composition, or recreational 

physical activity levels between youth with or without the metabolic syndrome  (61)  or between youth 
with normal glucose tolerance and those with impaired glucose tolerance  (62) . Shaibi et al. also 
reported that VO 

2
 max was not independently related to insulin sensitivity or secretion, as measured 

by frequently sampled intravenous glucose tolerance test in a subset of 95 of the same subjects  (63) . 
One possible explanation for these discrepancies is that subjects in the Shaibi et al. study were 
younger, and, therefore, may not yet have developed comorbidities associated with insulin resistance. 
In addition, other confounders may include differences in baseline activity level, pubertal stage, or 
dietary intake that were not controlled for. Finally, all of these studies use surrogate markers of insulin 
sensitivity, which may inaccurately classify the subject’s actual insulin sensitivity. 

 There is evidence that physical activity improves insulin sensitivity in obese youth  (64–  66) , but 
longitudinal data are limited, as are data on the effects of exercise on cardiovascular risk factors in 
youth. Several intervention studies focused on lifestyle changes including increased physical activity 
 (67) , or a physical activity-only component  (68,   69)  do provide encouraging overall findings. Sallis 
et al. and Pangrazi et al. showed that school-based programs promoting increased physical activity 
were effective at increasing the physical activity level or cardiorespiratory endurance (although not in 
reducing BMI) of youth, particularly in girls. However, there are not yet randomized-controlled trials 
showing that physical activity or exercise prevents T2DM in youth. Current limited intervention and 
observation studies suggest that to prevent and manage T2DM, daily goals for youth should include 
less than 60 min of daily screen (television, computer, or video game) time and 60–90 min of daily 
physical activity  (70–  72) . We are also currently involved with a large multicenter trial (the TODAY 
study) to assess the role of physical activity in treating T2DM in youth  (73) . 

 Very little data are available regarding exercise function in adolescents with T2DM. In a study 
including adolescents with T2DM, measures of exercise beliefs, self-reported physical activity, bicy-
cle VO 

2peak
 , and heart rate variability were all significantly lower in a study of 27 adolescents with 

T2DM in comparison to 105 adolescents with type 1 diabetes  (74) . Hba-1c was not reported in this 
study; therefore, the effect of glycemic control cannot be teased apart. In addition, insulin sensitivity 
itself was not measured. However, the poor performance in the T2DM subjects, who were likely more 
insulin resistant, suggests insulin resistance and its manifestations may be the culprit. 

 To further investigate exercise function in adolescents with T2DM, our group assessed VO 
2
 max 

by bicycle ergometer in a group of adolescents with T2DM, compared to nondiabetic, obese and lean 
controls. Importantly, subjects were chosen to be similar for activity level, Tanner stage, and age, 
and received a study diet for 3 days prior to exercise to control for differences in dietary intake. 
Preliminary results show a significantly lower VO 

2
 max in T2DM versus obese subjects despite simi-

lar BMI, and, significantly, lower VO 
2
 max in T2DM and obese groups than lean subjects, despite 

similar RER (indicating similar effort) in all three groups (unpublished data, 2006, 2007). Similarly, 
T2DM subjects performed significantly less work at maximal effort than the obese or lean groups 
(unpublished data, 2006, 2007), and had slowed oxygen uptake kinetics during submaximal exercise 
compared with controls (unpublished data, 2008). Thus, adolescents with T2DM appear to have 
significant impairments in maximal and submaximal exercise, not explainable by their weight or 
activity level alone. Unique aspects of this study include control groups that were well matched for 
BMI, habitual physical activity level, Tanner stage, and age, all of which affect VO 

2
 max. In addition, 

providing a study diet prior to exercise testing also controlled for differences in dietary composition, 
which also impacts VO 

2
 max. 
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 VO 
2
 max reflects respiration, cardiac output, autonomic function, endothelial function, skeletal mus-

cle blood flow, and O 
2
  extraction by skeletal muscle  (75)  among other factors. Therefore, abnormalities 

in any of these areas could lead to a decrease in VO 
2
 max. Data from our lab and others in adult T2DM 

subjects suggest abnormalities in the cardiac and vascular system, which may limit nutrient delivery to 
skeletal muscle. For example, we found that pulmonary capillary wedge pressure rose more steeply and 
to a greater level with exercise in T2DM than in nondiabetic control subjects, suggesting abnormalities 
in cardiac output with T2DM  (76) . Additional cardiac defects include diastolic dysfunction, as shown 
by reduced early diastolic relaxation and abnormal left ventricular filling pressure in subjects with 
T2DM, independent of age and body composition  (77) . Multiple studies also implicate endothelial 
dysfunction in subjects with T2DM  (78–  80) . Finally, microvascular disease, as evidenced by diabetic 
nephropathy and diabetic neuropathy, also correlate with reductions in VO 

2
 max  (81) . 

 In addition to the heart and vasculature, intrinsic skeletal muscle properties also contribute importantly 
to VO 

2
 max. Subjects with T2DM have abnormalities in skeletal muscle blood flow and glucose transport 

into muscle  (82) . In addition, skeletal muscle oxidative enzyme activity is reduced in subjects with T2DM 
 (83) . Moreover, capillary density is decreased in T2DM, which would specifically limit perfusion of 
skeletal muscle  (84) . Finally, subjects with T2DM have an increased ratio of type IIb-to-type I muscle 
fibers  (84) , which could cause dysfunction in muscle metabolism. All of these skeletal muscle abnormali-
ties may compromise muscle performance during exercise and contribute to a reduced VO 

2
 max. 

 Insulin resistance itself is a likely culprit in the link between T2DM and exercise dysfunction. We 
and others have now shown a clear relationship between insulin resistance and VO 

2
 max in adults 

 (85–  87) . Based on all of the reported abnormalities in adults with T2DM, our group is now examining 
such potential causes of exercise defects in adolescents with T2DM. 

 In a preliminary analysis of our data in adolescents, resting echocardiograms showed no significant 
abnormalities in diastolic function in lean, obese, or T2DM youth but youth with T2DM did have 
evidence of left ventricular hypertrophy. There were also no differences in resting heart rate, peak 
heart rate, or recovery heart rate 2 min after exercise in any of the three study groups. Therefore, 
diastolic function and autonomic function appear to be normal in our adolescent population, and are 
not explanations for the reduced exercise capacity we observed. In contrast, both adolescents with 
T2DM and obese adolescents had significantly less blood flow in response to occlusion during 
plethysmography than lean subjects, indicating potential endothelial dysfunction. In addition, blood 
flow measured by plethysmography correlated negatively with VO 

2
 max/kg ( r  = −0.59,  p  < 0.0001) 

(unpublished data, 2008), suggesting that endothelial dysfunction contributes to exercise 
dysfunction. 

 VO 
2
 max/kg was also strongly negatively correlated with insulin sensitivity as measured by a hyper-

insulinemic euglycemic clamp ( r  = −0.83,  p  < 0.0001) (unpublished data, 2008), suggesting that 
insulin sensitivity is also an important component of exercise function in adolescents. Other  preliminary 
negative correlations with VO 

2
 max/kg include highly sensitive C-reactive protein (CRP) ( r  = −0.578, 

 p  < 0.0001), implicating inflammation, and soleus intramyocellular lipid deposition ( r  = −0.63,  p  < 
0.0001), suggesting that ectopic fat deposition also effects exercise function in youth (unpublished 
data, 2006). 

 Thus, preliminary data suggest that adolescents with T2DM have decreased exercise performance, 
which is potentially explained by insulin resistance, inflammation, impaired endothelial function, and 
ectopic lipid deposition. Importantly, these abnormalities are beyond what might be contributed by 
inactivity or obesity alone. Notably, this is already happening in very young patients, with no other 
comorbidities or reasons for exercise dysfunction. Therefore, since exercise capacity predicts cardio-
vascular and all cause mortality, it is critical to further assess baseline exercise capacity and its correlates, 
as well as the impact of diabetes treatments in adolescents. 
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 Recent encouraging data from our group shows the possibility of improving exercise defects in 
adults with T2DM. As in subjects without diabetes, an exercise training intervention can improve 
VO 

2
max  in subjects with T2DM  (88) . Even more intriguingly, we also found that use of the insulin 

sensitizer rosiglitazone improved VO 
2
 max in subjects with T2DM, even in the absence of an exercise 

component  (85) . Rosiglitazone’s effect may act directly through improvements in insulin sensitivity 
or via its ability to improve endothelial function  (89) . While we are hopeful that such interventions 
would help improve exercise capacity in the adolescent population, adolescents are different from 
adults in many aspects. They are growing, and going through puberty, and have not reached peak 
muscle or bone strength, therefore their nutritional and hormonal milieu is quite different from an 
adult. For example, insulin resistance increases during puberty  (90,   91) , and, therefore, adolescents 
have differences in insulin secretion and insulin requirements when compared to adults. In addition, 
teenagers live in families, attend school, are not cognitively mature, and exist amongst the social and 
psychological issues of adolescence, all affecting their response to potential interventions. Therefore, 
intervention studies need to be performed in the adolescent population rather that relying on extrapo-
lations from the adult literature. 

 Although the effects of such interventions have not been tested in pediatric subjects with T2DM, 
exercise interventions have been studied in obese pediatric subjects. For example, 8 weeks of station-
ary cycling in 20 overweight children and adolescents, resulted in significant improvements in VO 

2peak
 , 

high-density lipoprotein (HDL) and endothelial function versus controls  (92) . In another study, a mid-
dle school-based exercise intervention tested lifestyle-focused gym classes versus control standard 
gym classes for 9 months, and found a greater improvement in percent body fat, fasting insulin, and 
VO 

2
 max in the treatment group versus controls  (93) . Therefore, VO 

2
  can be improved in youth by both 

traditional and school-based exercise interventions. 
 In addition, pediatric exercise interventions have other positive effects on metabolic health. For 

example, both lifestyle interventions including overall fitness  (94)  and resistance training  (62)  improved 
insulin sensitivity in youth from ethnic groups at risk for diabetes. Furthermore, a lifestyle intervention 
in 43 overweight youth (8–16 years) resulted in significant improvements in markers of the metabolic 
syndrome (BMI, systolic blood pressure, total, low-density lipoprotein, LDL, cholesterol triglycerides, 
and postprandial glucose)  (95) . Similarly, in a study of 80 obese adolescents randomly assigned to 
lifestyle education alone or in addition to moderate or high-intensity physical training, cardiovascular 
fitness, fasting triglycerides, TC/HDLC, and diastolic blood pressure were significantly improved by 
exercise training, especially high intensity. The exercise training also reduced visceral and total-body 
adiposity and increased LDL particle size, regardless of intensity  (96,   97) . In addition, a modest life-
style intervention study in 15 obese adolescents improved insulin sensitivity, CRP, fibrinogen, IL-6, fat 
mass, and adiponectin, even in the absence of weight loss  (98,   99) . Finally, 100 obese 7–11-year olds 
were randomized to 13 weeks of no exercise, mild exercise (20-min aerobic activity), or moderate 
exercise (40-min aerobic activity)  (100) . Both exercise groups had less snoring and improved sleep 
quality as assessed by questionnaires, despite no changes in BMI  z -score  (100) . Therefore, exercise can 
improve VO 

2
  and multiple markers of health in pediatric subjects, despite the absence of weight loss. 

 As T2DM is a relatively new phenomenon in the field of pediatrics, there are few data on diabetes 
prevention or therapy in this age group, and many diabetes therapies considered standard in adults have 
not been studied in young patients. There are also little data on exercise function in adolescents with 
T2DM, or response to interventions that work in adults with T2DM. In addition, there are no data on 
how the diabetes treatments currently used in youth with T2DM affect exercise function or its corre-
lates. However, our recent data show that youth with T2DM have exercise defects. Based on studies in 
adults and in adolescents with obesity and insulin resistance, exercise interventions appear helpful in 
pediatric subjects. In summary, due to the current epidemic of obesity and T2DM in pediatrics, and its 
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potential to end lives at an early age, we are in desperate need of data on why adolescents with T2DM 
are unable to exercise, and how we can improve this situation. If we are able to accomplish this goal, 
we can hopefully help such adolescents to exercise more, potentially reverse their diabetes, and prevent 
our country’s youth from experiencing cardiovascular morbidity and mortality at young ages.     
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