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Diabetes mellitus is becoming more prevalent and even with new advancements which improve glycaemic control, complications of diabetes are common. Vascular complications of diabetes include the microvascular complications: retinopathy, nephropathy, and peripheral and autonomic neuropathy. Macrovascular complications are also common in patients with diabetes and arguably more concerning as they confer a high mortality risk yet are sometimes under-treated. Risk factors for diabetes complications start to occur in childhood and adolescents and some youths may be diagnosed with complications before transition to adult care. This article discusses the prevalence, risk factors, screening, and treatment recommendations for vascular complications in children and adolescents with diabetes.
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INTRODUCTION

Type 1 diabetes is becoming more prevalent and subclinical diabetes complications are common (1–3). While new advancements have improved glycaemic control and variability and reduced hypoglycaemic unawareness (4), long term complications are still an ongoing burden for patients with diabetes and 1 in 3 youths with type 1 diabetes have at least one diabetes complication (3). Microvascular complications are specific to diabetes and include retinopathy, peripheral neuropathy, autonomic neuropathy and nephropathy (5). The cells in the retina, nerves and renal glomeruli are unable to down-regulate glucose uptake, and in the presence of hyperglycaemia, this leads to an overproduction of superoxide in the mitochondria resulting in oxidative stress (5). Macrovascular complications are not specific to diabetes; however people with diabetes have accelerated atherosclerosis and a higher risk of macrovascular disease than the general population (5). More recently, microvascular complications appear to be decreasing in prevalence when compared with historical data (6), perhaps due in part to the advent of modern diabetes technology. Despite this, some risk factors for macrovascular disease such as obesity and hypertension are increasing (6) and there is a high rate of markers of inflammation associated with atherosclerosis in youth with diabetes (7). In this article we discuss the prevalence, risk factors, screening and treatment recommendations for vascular complications in children with type 1 diabetes. While this article focuses on type 1 diabetes, type 2 diabetes will also be discussed briefly as the prevalence of type 2 diabetes is also increasing in young people, and complications develop at a younger age (8), and may comprise a far greater proportion of the pediatric diabetes clinic in the future.



THE VASCULAR COMPLICATIONS OF DIABETES


Retinopathy

Diabetes is the leading cause of new cases of blindness among adults aged 18–64 years (9). Diabetic eye disease encompasses diabetic retinopathy, macular oedema, cataract and glaucoma (5). Diabetic retinopathy is a microvascular complication of diabetes and is classified as mild-to-moderate non-proliferative, severe non-proliferative and proliferative. Severe non-proliferative and proliferative disease is vision threatening (10). Mild-to-moderate non-proliferative retinopathy is characterized by microaneurysms, retinal hemorrhages, ischemia, and microinfarction (cotton wool spots), protein and lipid leakage (hard exudates), intraretinal microvascular abnormalities and venular dilation and tortuosity. When there is vascular obstruction, increased number of retinal hemorrhages and microaneurysms with marked venous abnormalities, this is considered severe non-proliferative retinopathy. Proliferative retinopathy is characterized by neovascularisation in either the retina or posterior vitreous space (10). Progression of disease may be asymptomatic, as demonstrated in the case report (Figure 1). The presence of hard exudates with microaneurysms and blot hemorrhages within one disc diameter of the centre of the macular defines diabetic macular oedema (11). Clinically significant macular oedema has been traditionally defined as retinal thickening or hard exudate that involves or is within 500 μm of the fovea (12).
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FIGURE 1. Retinal photography demonstrating proliferative retinopathy in a 15-year-old girl with 12 years diabetes duration and poor metabolic control. This had rapidly progressed from minimal retinopathy documented 2 years before.




Neuropathy

The most common type of diabetic neuropathy is peripheral neuropathy (diabetic sensorimotor polyneuropathy) but may also involve other parts of the somatic and autonomic nervous systems. In peripheral neuropathy, the sensory function is affected first followed by motor impairment. Patients may feel numbness and this may progress to pain (13).

Autonomic neuropathy may affect many systems including cardiovascular, urogenital or gastrointestinal and may present as orthostatic hypotension, exercise intolerance, resting tachycardia or bradycardia, reduced heart rate variability, gastroparesis, diarrhea, fecal or urinary incontinence, constipation, bladder paresis, and erectile dysfunction (14, 15). Loss of heart rate variability due to cardiovascular autonomic neuropathy may increase the risk of severe hypoglycaemia due to impairment of hypoglycaemia awareness (16). Cardiovascular manifestations can indicate sympathetic overdrive and loss of parasympathetic tone (16).



Nephropathy

Diabetic nephropathy occurs due to interactions between multiple factors including increased systemic and intra-glomerular pressure, activation of the renin-angiotensin aldosterone system, activation of vascular endothelial growth factor, and from hyperglycaemia due to oxidative stress, renal polyol formation and accumulation of advanced glycation end products (17). This results in increasing proteinuria, glomerulosclerosis and eventually tubulointerstitial fibrosis (17). Albuminuria was formerly known as microalbuminuria. It is now generally defined based on the albumin-to-creatinine ratio. A ratio of 2.5–25 mg/mmol (30–300 mg/g) in males or a ratio of 3.5–25 mg/mmol (42–300 mg/g) in females defines albuminuria (10). Ratio levels above these ranges define proteinuria (10). The stages of diabetic nephropathy progress from renal hypertrophy, albuminuria (subclinical nephropathy), proteinuria (overt nephropathy), impairment of glomerular filtration rate (GFR) and finally to end-stage kidney disease (ESKD) (18, 19). Albuminuria is a risk factor for diabetic nephropathy, cardiovascular disease, cardiac autonomic dysfunction and mortality (5, 13, 20).



Macrovascular

Macrovascular disease affects the coronary, cerebral and peripheral arterial vasculature. Patients with diabetes are at a higher risk of macrovascular disease than the general population and diabetes contributes to earlier mortality from cardiac disease. The duration of diabetes confers higher risk. The risk of coronary heart disease and acute myocardial infarction is 30 times increased in patients diagnosed with type 1 diabetes under the age of 10 years (21). Cardiac disease in type 1 diabetes is contributed to by accelerated atherosclerosis, cardiac autonomic neuropathy and intrinsic diabetic cardiomyopathy (22). Atherosclerosis acceleration is thought to be due to hyperglycaemia, glycation and oxidative stress causing endothelial dysfunction (22). It has been shown that youth with diabetes have higher levels of inflammatory biomarkers than their healthy peers, and that those with type 2 diabetes have higher inflammatory levels than those with type 1 diabetes (7).

Diabetic cardiomyopathy is when ventricular dysfunction occurs in patients with diabetes in the absence of coronary artery atherosclerosis and hypertension (22). Diabetic cardiomyopathy is caused by a combination of biochemical disturbances, impaired energy utilization, myocardial fibrosis, small vessel disease, cardiac autonomic neuropathy and insulin resistance (23). This can lead to diastolic and systolic dysfunction, which may present as shortness of breath or exercise intolerance (23). Diabetic cardiomyopathy may lead to diastolic heart failure (23). Otherwise healthy adolescents with type 1 diabetes have been shown to already have reduced exercise capacity and reduced stroke volume during exercise when compared to controls without diabetes (24). Functional cardiac changes occurred even after a relatively short disease duration mean of 6 years (24).




PREVALENCE OF VASCULAR COMPLICATIONS IN ADOLESCENTS WITH DIABETES

Diabetes complications may develop in young people. Retinopathy is more common in young people with type 1 diabetes than type 2 diabetes, whereas albuminuria and hypertension are more common in young people with type 2 diabetes (25). In a group of 11–17 year old patients who had had type 1 diabetes for 2–5 years, early retinopathy was present in 9%, albuminuria was present in 3% and there was a peripheral nerve abnormality in 16% when measured by thermal and vibration thresholds (26). In our institution we had documented a reduction in retinopathy over two decades (1990–2009) in 12- to 20-year old patients with duration greater than five years (27), but this has plateaued since that report. Indeed, one female patient from our institute has subsequently required laser therapy before the age of 16 years due to proliferative retinopathy (Figure 1). In New Zealand between 2003 and 2016 there has been a decrease in microvascular complications with an increase in obesity and hypertension and no change in the prevalence of dyslipidaemia (6). However another New Zealand study found that in adolescents transitioning from pediatric to adult services between 2006 and 20016 there was no difference in the prevalence of albuminuria or hypertension over the 10 year period reported (28). A summary of the reported prevalence of diabetes complications in young people with type 1 diabetes is presented in Table 1. There is no standard definition of autonomic neuropathy and there is no recommended screening protocol, so the true prevalence is unclear (15).


Table 1. Epidemiology of complications of type 1 diabetes in children and adolescents.
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Atherosclerosis starts in childhood and subclinical cardiovascular disease may be present in youth within 10 years of diagnosis with type 1 diabetes (34). The leading cause of morbidity and mortality in adults with type 1 diabetes is cardiovascular disease (35–38). Those diagnosed with diabetes under the age of 10 years have increased loss of life years and the risk of coronary artery disease and acute myocardial infarction is 30 times increased compared with those diagnosed with diabetes between ages 26–30 years (21). The first cardiovascular events occurred in the third decade of life for patients diagnosed with type 1 or type 2 diabetes at a young age (38). In a retrospective cohort of patients diagnosed with diabetes aged 15–30 years, 6% had evidence of macrovascular disease (38). Increased arterial stiffness independently predicts all-cause and cardiovascular mortality in adults with type 1 diabetes (39). Pulse wave velocity (PWV) is a measure of arterial stiffness, and there was a significant increase in PWV in youth with type 1 diabetes over a 5 year period (33). Atherosclerosis is associated with inflammation and biomarkers inflammatory markers (40). A cohort of patients with diabetes with a mean age of 15.6 years, had higher levels of biomarkers of inflammation than their healthy peers, particularly the subgroup with type 2 diabetes, compared with type 1 diabetes, and the overall rates of obesity were higher than that of the general population (7).

Young-onset type 2 diabetes confers a higher risk phenotype with greater mortality, more diabetes complications and more cardiovascular risk factors. The prevalence of type 2 diabetes in youth is increasing (41–43) and it is expected that diabetes complications in youth with type 2 diabetes will become an increasing burden as type 2 diabetes is associated with a higher rate of diabetes complications (43). Youth who have been diagnosed with type 2 diabetes for 1.8 years have similar rates of diabetes complications as youth who have had type 1 diabetes for 8.1 years (7). Youth with type 2 diabetes have a more rapid deterioration of beta cell function than the phenotype that develops in later adulthood (41). Obesity is an important contribution to insulin resistance seen in type 2 diabetes, and obesity itself is also associated with other metabolic risks (41). Complications of diabetes are often present at diagnosis of type 2. Within 2 years of diagnosis, the TODAY study found that adolescents aged 10–17 years already had evidence of diabetes complications or risk factors, including hypertension (13.6%), albuminuria (13%), low HDL level (79.8%), and hypertriglyceridemia (10.2%) (44). In this cohort there was a rapid rise in hypertension (12–34%) and albuminuria (6–17%) over the mean 4-year follow-up period (45). More recently, it was shown in a group of youth with type 2 diabetes with a mean age of 15.1 years and a mean duration of type 2 diabetes of 1.8 years 72% had evidence of any complication of diabetes. This included hypertension (19%), albuminuria (19%), heart rate variability abnormalities (54%), peripheral nerve abnormalities (19%), retinopathy (7%), and abnormal lipid profile (48%)(7). In a retrospective cohort of patients who had developed type 2 diabetes at a relatively young age (between ages 15 and 30 years), there is significant mortality excess when compared to patients who developed type 1 diabetes at a similar age: 11% mortality in patients with type 2 diabetes versus 6.8% mortality in patients with type 1 diabetes over median observation period >20 years, with more cardiovascular-attributable deaths in type 2 diabetes (50 vs. 30%) (38).



RISK FACTORS FOR DIABETES COMPLICATIONS

Diabetes duration is the biggest risk factor for albuminuria and retinopathy (46) and is also a risk factor for peripheral neuropathy and macrovascular disease (13, 21). Other risk factors for micro and macrovascular disease include young age at diagnosis, higher HbA1c, higher blood pressure and socioeconomic disadvantage (13, 21, 27, 32, 47). There is a higher risk of progression of retinal disease in adolescents than in adults (48). The reason behind this is unclear but may be associated with the difficult in achieving glycaemic targets in this life period (49).

Lifestyle factors (such as smoking or poor exercise and diet), obesity, and dyslipidaemia are risk factors for peripheral neuropathy and macrovascular disease (13, 21). The presence of hypertension, diabetic kidney disease, insulin resistance or severe diabetic retinopathy are also risk factors for cardiovascular disease (21, 50). Furthermore depression (36) and hypoglycaemia (51) may also confer risk.

Youth with type 1 diabetes have a higher prevalence of dyslipidaemia (52), and there appears to be some sort of qualitative or functional abnormalities in lipoproteins in type 1 diabetes, which is more atherogenic (22). Dyslipidaemia is thought to be present in 48–80% of youth with type 2 diabetes within 2 years of diagnosis (7, 44).

Hypertension is a risk factor for microvascular complications and is also a major risk factor for macrovascular disease. Youth with type 1 diabetes have a higher prevalence of hypertension compared with their peers (53). For children aged 1–13 years, stage 1 hypertension is defined as “≥95th percentile to <95th percentile + 12 mmHg, or 130/80–139/89 mm Hg (whichever is lower)” and stage 2 hypertension is defined as “≥95th percentile + 12 mm Hg, or ≥140/90 mm Hg (whichever is lower)”. For children 13 years and over stage 1 is 130/80–139/89 mm Hg and stage 2 ≥140/90 mm Hg (54). It is confirmed by demonstration of elevated blood pressure on 3 separate occasions and may require 24 h ambulatory monitoring for confirmation (10, 55, 56). Normative data for blood pressure based on normal-weight children is available (54).

Obesity is a risk factor for both microvascular and macrovascular complications of diabetes. There are higher rates of overweight and obesity in youth with type 1 diabetes than their healthy peers (57–59), and BMI in youth may increase further overtime, particularly in girls (60). Albuminuria was associated with lower BMI in patients with type 1 diabetes under the age of 20 years (32). While causation was not examined, one might postulate that this could be due to poor weight gain due to relative insulin deficiency from under-dosing in patients with elevated HbA1c and poor adherence to therapy. Obese patients with diabetes have higher levels of inflammatory markers relative to other weight categories, and may have increased rates of diabetes complications (7).

Sustained hyperglycaemia is associated with diabetes complications and strict glycaemic control reduces both microvascular and macrovascular complications of diabetes (61, 62). It has been shown that an increasing HbA1c trajectory is associated with higher BMI, lower linear growth, use of insulin injection therapy and severe hypoglycaemic episodes (63), and poor glycaemic control early in life is associated with microvascular disease (64). Perhaps the HbA1c trajectory, not just the value, may also define risk of vascular complications and thus impact our approach.

The development and use of newer technology such as continuous glucose monitoring has provided detailed information about glucose handling in individual patients. The role of glycaemic variability in the development of complications is unclear (65, 66) and while it is recommended that the HbA1c target is <7% (67, 68), this may not be the only useful measure of complications risk. Thus both HbAc1c and “time in range” should be used together when devising treatment goals (69). Continuous subcutaneous insulin infusions using an insulin pump may reduce the risk of complications such as retinopathy and peripheral neuropathy (70). While it has been shown that the use of insulin pump therapy in some cohorts has been associated with improved glycaemic control (63, 71), diabetes technology has not necessarily been associated with a sustained improvement in glycaemic control or reduction in complications (72). Few studies have examined glucose variability using continuous glucose monitoring and diabetes complications as the widespread availability of continuous glucose monitoring is relatively recent. It is proposed that intermittent hyperglycaemia confers even greater oxidative stress than sustained hyperglycaemia, but long term studies looking at the glucose variability detected by continuous glucose monitoring and vascular complications are lacking (66, 73).

Microvascular disease has improved in a New Zealand cohort when compared with historical data, even in the absence of improvement in glycaemic control (6). Although this study did not address causation, perhaps reduction in glycaemic variability through continuous glucose monitoring has improved complications risk, without an obvious change to HbA1c. Despite an increase in the use of insulin pumps and continuous glucose monitoring in the US, the mean HbA1c in adolescents and young adults with type 1 diabetes has increased (72). Barriers to the use of diabetes technology in the United States may include non-English speaking background and ethnicity (74). Improving glycaemic control is not just related to the availability of technology but requires a multidisciplinary team approach which includes the patient and their family in management decisions (56). When a child and their parent manage the child's diabetes together, they are more likely to meet glycaemic targets (56).

When diabetes is diagnosed in childhood or adolescence, type 2 diabetes confers a higher risk for diabetic kidney disease, retinopathy and peripheral neuropathy than that for type 1 diabetes, but complications are frequent in both groups (3).



DIABETES COMPLICATIONS SCREENING

The first signs of complications may appear during puberty and this is a critical time for the lifetime risk of diabetes (46). Risk factors should be considered at every visit (56) and at a minimum, blood pressure should be measured at least annually (10).

Regular screening for diabetic retinopathy has been recommended since the 1990s due to the asymptomatic progression to vision-threatening disease (61, 75–77). It is recommended that screening should commence from age 11 years after diabetes has been present for 2–5 years. Screening should be performed by an optometrist of ophthalmologist and should include a dilated and comprehensive eye examination. Current guidelines recommend eye screening should take place every 2 years in patients with good glycaemic control (10, 56), however more or less often may be appropriate depending on the individual clinical situation (78, 79).

Screening for albuminuria should commence from age 11 years after diabetes has been present for 2–5 years using three separate first morning urine samples. A positive result is considered if there is an abnormal urine albumin-to-creatinine ratio in 2 or more of the 3 samples. Screening should occur annually (10, 35, 56).

It is recommended that screening for peripheral neuropathy commences from age 11 years after diabetes has been present for 2–5 years and should be repeated annually (10, 56). Screening involves examining the foot with inspection and proprioceptive, vibratory and monofilament sensation should be assessed (56). Autonomic neuropathy is not generally screened for as there is no recommended screening technique available (10), but research methods can include measurement of heart rate for tachycardia, and reduced heart rate variability as a proxy for autonomic dysfunction (15).

Screening for dyslipidaemia should commence from 11 years of age, regardless of the duration of diabetes (10). This should not occur in the acute period shortly after diagnosis. Screening should commence at 2 years of age if there is family history significant for either hypercholesterolaemia or early cardiovascular death (10, 56). It is appropriate to screen with a non-fasting blood lipid profile, and if this is abnormal then a fasting profile should be performed (10, 56).



TREATMENT OF VASCULAR COMPLICATIONS IN ADOLESCENTS


Retinopathy

Diabetic retinopathy may regress with improved glycaemic control but care must be taken with this as rapid improvement can actually lead to deterioration of retinopathy (10). The progression of retinopathy may be slowed with early use of angiotensin converting enzyme (ACE) inhibitors in adults, and this may be effective even when a patient does not have hypertension (80). However, this effect is yet to be demonstrated in adolescents (81).

Laser photocoagulation or antivascular endothelial growth factor (VEGF) intravitreal injections are required in the treatment of vision-threatening disease (10). Anti-VEGF may be preferred due to the risk of visual field reduction and night blindness associated with laser therapy (82). Anti-VEGF may be more effective prior to the development of proliferative disease (83), and hence early diagnosis is important. Fenofibrate has been used to reduce the need for laser treatment in adults with type 2 diabetes and the mechanism does not seem to be related to the effect on the plasma lipid concentration (84).

Surgery may be required if there is persistent vitreal hemorrhage or if lens extraction is required due to cataract (5, 10).



Lifestyle Measures

The first steps in management of hypertension or dyslipidaemia, are lifestyle measures to optimize body habitus and exercise tolerance and improvement in glycaemic control (10, 85). The use of dietary adjuncts such as plant sterols could be considered in the presence of dyslipidaemia (86). If lifestyle measures including diet and exercise are optimized for 3–6 months and there is persistence of hypertension or dyslipidaemia, then pharmacotherapy should be considered (10, 54, 56). There is often therapeutic inertia to introduce further appropriate treatments in youth (36), but early intervention is imperative and treatment that is indicated should not be withheld.



Anti-hypertensives

Hypertension and albuminuria may be considered surrogate markers of diabetic kidney disease. ACE inhibitors have been shown to decrease albuminuria in children even in the absence of hypertension and should be used to treat children with albuminuria to prevent progression to proteinuria (56, 87). With tight glycaemic control and the use of ACE inhibitors or angiotensin receptor blockers (ARB), albuminuria can improve (14). Hypertension may also be treated with ACE inhibitors, ARB, calcium channel blockers or thiazide diuretic (10, 54, 56), however if concomitant albuminuria is present, treatment with an ACE inhibitor or ARB is recommended. There is no specific recommendation for type of ACE inhibitor and many are appropriate for pediatric use including benazepril, captopril, enalapril, fosinopril or lisinopril (54).



Statins

Statins effectively treat dyslipidaemia in adolescents with type 1 diabetes (10, 56, 81). If the LDL cholesterol remains greater than 3.4 mmol/L despite lifestyle measures, statins should be considered from the age of 11 years. The use of statins is not approved for children under 10 years (56). Atorvastatin, lovastatin or pravastatin have been trialed in children and adolescents and shown to be safe and effective in the treatment of dyslipidaemia (81, 88–90). Dyslipidaemia that is being treated with pharmacotherapy should be monitored with fasted lipid profiles, targeting a fasting LDL cholesterol of <2.6 mmol/L (56).



Smoking

In addition to management of hypertension and dyslipidaemia, young people should be counseled to avoid or cease smoking cigarettes, as smoking avoidance helps prevent both microvascular and macrovascular complications (56).



Metformin

Metformin is recommended in the treatment of type 2 diabetes in youth (91). It may also help reduce the BMI and insulin requirements in overweight youth with type 1 diabetes (92, 93). Metformin may have an additional role in the cardiovascular health of patients with diabetes. Metformin was shown to improve vascular smooth muscle function independently of any improvement in glycaemic control and insulin sensitivity in adolescents with type 1 diabetes (94). In patients aged 12 and 21 years with type 1 diabetes metformin use showed improvement in MRI-derived measures of aortic and carotid vascular health (93).




CONCLUSION

Vascular complications of diabetes are common in youth with diabetes, and infer a high morbidity and mortality risk (2, 3). Prevention is critical, by targeting risk factors such as glycaemic control, adiposity, hypertension, dyslipidaemia and life style factors. Improvements may be achieved using appropriate diabetes technology, a multidisciplinary team approach and health education (61, 62, 65). Screening for complications is crucial as at-risk adolescents must be identified and treatment commenced before irreversible changes occur.
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