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535.2 Chronic Kidney Disease
Rajasree Sreedharan and Ellis D. Avner

Chronic kidney disease (CKD) is defined as an abnormality of kidney function, as determined by laboratory tests, urinalysis, or imaging tests, which have been present for at least 3 months. 

Chronic kidney disease (CKD) is determined by the presence of kidney damage and level of kidney function (GFR), irrespective of diagnosis. The stage of the CKD is assigned based on the level of kidney function (Tables 535-5 and 535-6). 

The prevalence of CKD in the pediatric population is approximately 18 per 1 million. The prognosis for the infant, child, or adolescent with CKD has improved dramatically since the 1970s because of improvements in medical management (aggressive nutritional support, recombinant erythropoietin, recombinant growth hormone), dialysis techniques, and kidney transplantation.
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ETIOLOGY
In children, CKD may be the result of congenital, acquired, inherited, or metabolic renal disease, and the underlying cause correlates closely with the age of the patient at the time when CKD is first detected. 

CKD in children <5 yr old is most commonly a result of congenital abnormalities such as renal hypoplasia, dysplasia, or obstructive uropathy. Additional causes include congenital nephrotic syndrome, prune belly syndrome, cortical necrosis, focal segmental glomerulosclerosis, autosomal recessive polycystic kidney disease, renal vein thrombosis, and HUS.

After 5 yr of age, acquired diseases (various forms of glomerulonephritis including lupus nephritis) and inherited disorders (familial juvenile nephronophthisis, Alport syndrome) predominate. CKD related to metabolic disorders (cystinosis, hyperoxaluria) and certain inherited disorders (both autosomal dominant and recessive polycystic kidney disease) can occur throughout the childhood years.

PATHOGENESIS
In addition to progressive injury with ongoing structural or metabolic genetic diseases, renal injury can progress despite removal of the original insult.

Hyperfiltration injury may be an important final common pathway of glomerular destruction, independent of the underlying cause of renal injury. As nephrons are lost, the remaining nephrons undergo structural and functional hypertrophy characterized by an increase in glomerular blood flow. The driving force for glomerular filtration is thereby increased in the surviving nephrons. 

Although this compensatory hyperfiltration temporarily preserves total renal function, it can cause progressive damage to the surviving glomeruli, possibly by a direct effect of the elevated hydrostatic pressure on the integrity of the capillary wall and/or the toxic effect of increased protein traffic across the capillary wall. 

Over time, as the population of sclerosed nephrons increases, the surviving nephrons suffer an increased excretory burden, resulting in a vicious cycle of increasing glomerular blood flow and hyperfiltration injury.

Proteinuria itself can contribute to renal functional decline. Proteins that traverse the glomerular capillary wall can exert a direct toxic effect on tubular cells and recruit monocytes and macrophages, enhancing the process of glomerular sclerosis and tubulointerstitial fibrosis. 

Uncontrolled hypertension can exacerbate disease progression by causing arteriolar nephrosclerosis and by increasing the hyperfiltration injury.

Hyperphosphatemia can increase progression of disease by leading to calcium phosphate deposition in the renal interstitium and blood vessels. 

Hyperlipidemia, a common condition in CKD patients, can adversely affect glomerular function through oxidant-mediated injury.

CKD may be viewed as a continuum of disease, with increasing biochemical and clinical manifestations as renal function deteriorates. Regardless of etiology, the progression of tubulointerstitial fibrosis is the primary determinant of progression of CKD. Table 535-7 outlines the pathophysiologic manifestations of CKD. End-stage renal disease (ESRD) is an administrative term in the United States; it is used to define all patients who are treated with dialysis or kidney transplantation. Patients with ESRD are a subset of the patients with stage 5 CKD.
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CLINICAL MANIFESTATIONS
The clinical presentation of CKD is varied and depends on the underlying renal disease. 

Children and adolescents with CKD from chronic glomerulonephritis can present with edema, hypertension, hematuria, and proteinuria. 

Infants and children with congenital disorders such as renal dysplasia and obstructive uropathy can present in the neonatal period with failure to thrive, polyuria, dehydration, urinary tract infection, or overt renal insufficiency. Congenital kidney disease is diagnosed with prenatal ultrasonography in many infants, allowing early diagnostic and possible therapeutic intervention.
Children with familial juvenile nephronophthisis can have a very subtle presentation with nonspecific complaints such as headache, fatigue, lethargy, anorexia, vomiting, polydipsia, polyuria, and growth failure over a number of years.

The physical examination in patients with CKD can reveal pallor and a sallow appearance. Patients with long-standing untreated CKD can have short stature and the bony abnormalities of renal osteodystrophy (see Chapter 529.4). Children with CKD caused by chronic glomerulonephritis (or children with advanced renal failure from any cause) can have edema, hypertension, and other signs of extracellular fluid volume overload.

LABORATORY FINDINGS
Laboratory findings can include elevations in blood urea nitrogen and serum creatinine and can reveal hyperkalemia, hyponatremia (if volume overloaded), hypernatremia (loss of free water), acidosis, hypocalcemia, hyperphosphatemia, and an elevation in uric acid.

Patients with heavy proteinuria can have hypoalbuminemia. A complete blood cell count may show a normochromic, normocytic anemia. Serum cholesterol and triglyceride levels are often elevated. In children with CKD caused by glomerulonephritis, the urinalysis shows hematuria and proteinuria. 
In children with CKD from congenital lesions such as renal dysplasia, the urinalysis usually has a low specific gravity and minimal abnormalities by dipstick or microscopy.

Inulin clearance is the gold standard to determine GFR, but it is not easy to measure. Endogenous creatinine clearance is the most widely used marker of GFR, but creatinine secretion falsely elevates the calculated GFR. Several other markers are under investigation to accurately determine GFR in children, such as cystatin C and iohexol. 

In children age 1-16 yr, the degree of renal dysfunction may be determined by applying a new bedside formula that estimates GFR between 15 and 75 mL/min/1.73 m2: estimated GFR = 0.43 × height in cm/serum creatinine in mg/dL

TREATMENT
The treatment of CKD is aimed at replacing absent or diminished renal functions, which progressively deteriorate in parallel with the progressive loss of GFR, and slowing the progression of renal dysfunction.

Children with CKD should be treated at a pediatric center capable of supplying multidisciplinary services, including medical, nursing, social service, nutritional, and psychological support.

The management of CKD requires close monitoring of a patient’s clinical and laboratory status. Blood studies to be followed routinely include serum electrolytes, blood urea nitrogen, creatinine, calcium, phosphorus, albumin, alkaline phosphatase, and hemoglobin levels.

Periodic measurement of intact parathyroid hormone (PTH) levels and roentgenographic studies of bone may be of value in detecting early evidence of renal osteodystrophy. 

Echocardiography should be performed periodically to identify left ventricular hypertrophy and cardiac dysfunction that can occur as a consequence of the complications of CKD.

Nutrition
Nutritional management by a dietician experienced in pediatric renal patients is recommended by the National Kidney Foundation Kidney Disease Outcomes Quality Initiative (NKF KDOQI). Counseling based on individualized assessment should be considered for all children and their families with CKD stages 2 to 5 and 5D. 
Patients should receive 100% of estimated energy requirement for age, individually adjusted for physical activity level, body mass index, and response in rate of weight gain or loss. When oral supplemental nutrition with increased calories or fluid volume is insufficient, tube feeding should be considered.

Calories should be balanced between carbohydrate, unsaturated fat in physiological ranges (per dietary reference intake [DRI]), and protein. Protein intake recommendation is 100-140% of the DRI for ideal weight for children with stage 3 CKD, 100-120% of the DRI in stages 4 and 5 CKD, and 100% with allowance for dialysis loss in CKD stage 5D, with use of commercial supplements as needed. 

Children with CKD stages 2-5 should receive 100% of DRI of vitamins and trace elements; water-soluble vitamin supplements are often required in CKD stage 5D.


Renal Osteodystrophy
The term renal osteodystrophy is used to indicate a spectrum of bone disorders seen in patients with CKD. The most common condition seen in children is high-turnover bone disease caused by secondary hyperparathyroidism. The skeletal pathologic finding in this condition is osteitis fibrosa cystica.

The pathophysiology of renal osteodystrophy is complex. Early in the course of CKD, when the GFR declines to approximately 50% of normal, the decrease in functional kidney mass leads to a decline in renal 1α-hydroxylase activity, with decreased production of activated vitamin D (1,25-dihydroxycholecalciferol). This deficiency in activated vitamin D results in decreased intestinal calcium absorption, hypocalcemia, and increased parathyroid gland activity. Excessive PTH secretion attempts to correct the hypocalcemia by increasing bone resorption. 

Later in the course of CKD, when the GFR declines to 20-25% of normal, compensatory mechanisms that have been operative to enhance renal phosphate excretion become inadequate, resulting in hyperphosphatemia, which further promotes hypocalcemia and increased PTH secretion.

Clinical manifestations of renal osteodystrophy include muscle weakness, bone pain, and fractures with minor trauma. In growing children, rachitic changes, varus and valgus deformities of the long bones, and slipped capital femoral epiphyses may be seen. 

Laboratory studies can demonstrate a decreased serum calcium level and increased serum phosphorus, alkaline phosphatase, and PTH levels. Radiographs of the hands, wrists, and knees show subperiosteal resorption of bone with widening of the metaphyses.

The goals of treatment are to prevent bone deformity and normalize growth velocity using both dietary and pharmacologic interventions. The target phosphorus level for adolescents is between 3.5 and 5.5 mg/dL, and for children 1-12 yr of age it is 4-6 mg/dL. 

Children and adolescents should follow a low-phosphorus diet, and infants should be provided with a low-phosphorus formula such as Similac PM 60/40. It is impossible to fully restrict phosphorus intake, and so phosphate binders are used to enhance GI phosphate excretion. 

Although calcium-based binders have historically been the most commonly used, non–calcium-based binders such as sevelamer (Renagel) are increasing in use, particularly in older children and adolescent patients who are prone to hypercalcemia. Because aluminum may be absorbed from the GI tract and can lead to aluminum toxicity, aluminum-based binders should be avoided.

The cornerstone of therapy for renal osteodystrophy is vitamin D administration. Vitamin D therapy is indicated in patients with 1,25-dihydroxy-vitamin D levels below the established goal range for the child’s particular stage of CKD or in patients with PTH levels above the established goal range for CKD stage. 

Patients with low 1,25-dihydroxy-vitamin D and elevated PTH levels should be treated with 0.01-0.05 μg/kg/24 hr of calcitriol (Rocaltrol, 0.25-μg capsules or 1 μg/mL suspension). Newer activated vitamin D analogs such as paricalcitol and doxercalciferol are increasingly used, especially in patients who are predisposed to hypercalcemia. 

Phosphate binders and vitamin D should be adjusted to maintain the PTH level within the designated goal range and the serum calcium and phosphorus levels within the normal range for age. Many nephrologists also attempt to maintain the calcium/phosphorus product (Ca × PO4) at <55 mg2/dL2 in adolescents and <65 mg2/dL2 in younger children to minimize the possibility of tissue deposition of calcium phosphorus salts with consequent damage.

Adynamic Bone Disease
Adynamic bone disease (low-turnover bone disease) has been recognized in children and adults with CKD. The pathologic finding is osteomalacia and is associated with oversuppression of PTH, perhaps related to the widespread use of calcium-containing phosphate binders and vitamin D analogs.

Fluid and Electrolyte Management
Most children with CKD maintain normal sodium and water balance, with the sodium intake derived from an appropriate diet. Infants and children whose CKD is a consequence of renal dysplasia may be polyuric, with significant urinary sodium or free water losses. These children may benefit from high-volume, low-caloric-density feedings with sodium supplementation. 

Children with high blood pressure, edema, or heart failure may require sodium restriction and diuretic therapy. Fluid restriction is rarely necessary in children with CKD until the development of ESRD requires the initiation of dialysis.

In most children with CKD, potassium balance is maintained until renal function deteriorates to the level at which dialysis is initiated. Hyperkalemia can develop, however, in patients with moderate renal insufficiency who have excessive dietary potassium intake, severe acidosis, or hyporeninemic hypoaldosteronism (related to destruction of the renin-secreting juxtaglomerular apparatus). Hyperkalemia may be treated by restriction of dietary potassium intake, administration of oral alkalinizing agents, and/or treatment with Kayexalate.

Acidosis
Metabolic acidosis develops in almost all children with CKD as a result of decreased net acid excretion by the failing kidneys. Either Bicitra (1 mEq sodium citrate/mL) or sodium bicarbonate tablets (650 mg =8 mEq of base) may be used to maintain the serum bicarbonate level >22 mEq/L.

Growth
Short stature is a significant long-term sequela of childhood CKD. Children with CKD have an apparent growth hormone–resistant state, with elevated growth hormone levels but decreased insulin-like growth factor 1 levels and major abnormalities of insulin-like growth factor–binding proteins. Children with CKD who remain less than −2 SD for height despite optimal medical support (adequate caloric intake and effective treatment of renal osteodystrophy, anemia, and metabolic acidosis) might benefit from treatment with pharmacologic doses of recombinant human growth hormone (rHuGH). Treatment may be initiated with rHuGH (0.05 mg/kg/24 hr) subcutaneously, with periodic adjustment in the dose to achieve a goal of normal height velocity for age.

Treatment with rHuGH continues until the patient reaches the 50th percentile for midparental height, achieves a final adult height, or undergoes kidney transplantation. Long-term rHuGH treatment significantly improves final adult height and induces persistent catch-up growth; some patients achieve normal adult height.

Anemia
Anemia in patients with CKD is primarily the result of inadequate erythropoietin production by the failing kidneys and usually becomes manifest in patients with stages 3-4 CKD. Other possible contributory factors include iron deficiency, folic acid or vitamin B12 deficiency, and decreased erythrocyte survival.

Recombinant human erythropoietin (rHuEPO) therapy has decreased the need for transfusion in patients with CKD. Erythropoietin is usually initiated when the patient’s hemoglobin concentration falls below 10 g/dL, at a dose of 50-150 mg/kg/dose subcutaneously 1-3 times weekly. The dose is adjusted to maintain the hemoglobin concentration between 11 and 12 g/dL. 

All patients receiving rHuEPO therapy should be provided with either oral or intravenous iron supplementation. Patients who appear to be resistant to rHuEPO should be evaluated for iron deficiency, occult blood loss, a chronic infection or inflammatory state, vitamin B12 or folate deficiency, or bone marrow fibrosis related to secondary hyperparathyroidism. 

An alternative option to rHuEPO is darbepoetin alfa (Aranesp), a longer-acting agent administered at a dose of 0.45μg/kg/wk. The chief advantage of this agent is that it may be dosed once weekly to once monthly because of its extended duration of action.

Hypertension
Children with CKD can have sustained hypertension related to volume overload and/or excessive renin production related to glomerular disease. 

Hypertensive children with suspected volume overload should follow a salt-restricted diet (<2 g/24 hr) and may benefit from diuretic therapy. Thiazide diuretics (hydrochlorothiazide 2 mg/kg/24 hr divided bid) are the initial diuretic class of choice for children with mild renal dysfunction (CKD stages 1-3). However, when a patient’s estimated GFR falls below this range, thiazides are ineffective and loop diuretics (furosemide 1-2 mg/kg/dose bid or tid) become the diuretic class of choice. 

ACE inhibitors (enalapril, lisinopril) and angiotensin II receptor blockers (losartan) are the antihypertensive medications of choice in all children with proteinuric renal disease because of their potential ability to decrease proteinuria and slow the progression to ESRD (by mechanisms still not completely delineated). Extreme care must be used with these agents, however, to monitor renal function and electrolyte balance, particularly in children with advanced CKD.

Calcium channel blockers (amlodipine), β-blockers (propranolol, atenolol), and centrally acting agents (clonidine) may be useful as adjunctive agents in children with CKD whose blood pressure cannot be controlled using dietary sodium restriction, diuretics, and ACE inhibitors.

Immunizations
Children with CKD should receive all standard immunizations according to the schedule used for healthy children. An exception must be made in withholding live virus vaccines from children with CKD related to glomerulonephritis, or any disease, during treatment with immunosuppressive medications. 

It is critical, however, to make every attempt to administer live virus vaccines for measles, mumps, rubella, and varicella before kidney transplantation. These vaccines are not advised for use in immunosuppressed patients. All children with CKD should receive a yearly influenza vaccine. Data from a number of studies suggest that children with CKD might respond suboptimally to immunizations.

Adjustment In Drug Dose
Because many drugs are excreted by the kidneys, their dosing might need to be adjusted in patients with CKD to maximize effectiveness and minimize the risk of toxicity. Strategies in dosage adjustment include lengthening of the interval between doses or decreasing the absolute dose, or both. Such adjustments become even more important as pharmacogenomic profiling of drug metabolism becomes routine.



Progression of Disease
Although there are no definitive treatments to improve renal function in children or adults with CKD other than treatment of a specific underlying disorder when possible, there are several general strategies that may be effective in slowing the rate of progression of renal dysfunction.

Optimal control of hypertension (maintaining the blood pressure at lower than the 75th percentile and perhaps even lower) is critical in all patients with CKD. 

ACE inhibitors or angiotensin II receptor blockers should be the antihypertensive drugs of choice in hypertensive children with chronic proteinuric renal disease as previously noted. Such agents should also be strongly considered in children with CKD who have significant proteinuria, even in the absence of hypertension, although there are no controlled studies to support this approach. 

Serum phosphorus should be maintained within the normal range for age and the calcium–phosphorus product <55 to minimize renal calcium–phosphorus deposition. 

Prompt treatment of infectious complications and episodes of dehydration can minimize additional loss of renal parenchyma.

Other potentially beneficial recommendations include correction of anemia with erythropoietin or darbepoetin alfa therapy, control of hyperlipidemia, avoidance of cigarette smoking, prevention of obesity, and avoidance of nonsteroidal antiinflammatory and other potential nephrotoxic medications. 

This includes a variety of illegal street drugs as well as herbal and/or homeopathic medications or “supplements.” Although dietary protein restriction may be useful in adults, this recommendation is generally not suggested for children with CKD because of the concern about adverse effects on growth and development.

535.3 End-Stage Renal Disease
Rajasree Sreedharan and Ellis D. Avner

ESRD represents the state in which a patient’s renal dysfunction has progressed to the point at which homeostasis and survival can no longer be sustained with native kidney function and maximal medical management. At this point, renal replacement therapy (dialysis or renal transplantation) becomes necessary. The ultimate goal for children with ESRD is successful kidney transplantation (see Chapter 536) because it provides the most normal lifestyle and possibility for rehabilitation for the child and family.
In the United States, 75% of children with ESRD require a period of dialysis before transplantation can be performed. It is recommended that plans for renal replacement therapy be initiated when a child reaches stage 4 CKD. 

The optimal time to actually initiate dialysis, however, is based on a combination of the biochemical and clinical characteristics of the patient including refractory fluid overload, electrolyte imbalance, acidosis, growth failure, or uremic symptoms, including fatigue, nausea, and impaired school performance. 

In general, most nephrologists attempt to initiate dialysis early enough to prevent the development of severe fluid and electrolyte abnormalities, malnutrition, and uremic symptoms. Preemptive transplantation before initiation of dialysis is increasingly being utilized.

The selection of dialysis modality must be individualized to fit the needs of each child. In the United States, two thirds of children with ESRD are treated with peritoneal dialysis, whereas one third are treated with hemodialysis. 

Age is a defining factor in dialysis modality selection: 88% of infants and children from birth to 5 yr of age are treated with peritoneal dialysis, and 54% of children >12 yr of age are treated with hemodialysis.

Peritoneal dialysis is a technique that employs the patient’s peritoneal membrane as a dialyzer. Excess body water is removed by an osmotic gradient created by the high dextrose concentration in the dialysate; wastes are removed by diffusion from the peritoneal capillaries into the dialysate. Access to the peritoneal cavity is achieved by a surgically inserted, tunneled catheter.

Peritoneal dialysis may be provided either as continuous ambulatory peritoneal dialysis or as an automated therapy using a cycler (continuous cyclic peritoneal dialysis, intermittent peritoneal dialysis, or nocturnal intermittent peritoneal dialysis). The majority of U.S. children treated with peritoneal dialysis use cycler-driven therapy, which allows the child and family to be free of dialysis demands during the waking hours. The exchanges are performed automatically during sleep by machine. This permits an uninterrupted day of activities, a reduction in the number of dialysis catheter connections and disconnections (which decreases the risk of peritonitis), and a reduction in the time required by patients and parents to perform dialysis, reducing the risk of fatigue and burnout. Because peritoneal dialysis is not as efficient as hemodialysis, it must be performed daily rather than 3 times weekly. Table 535-8 outlines the benefits of peritoneal dialysis.

Hemodialysis, unlike peritoneal dialysis, is usually performed in a hospital setting. Children and adolescents typically have 3 treatments (3-4 hr each) per wk during which fluid and solute wastes are removed. Access to the child’s circulation is achieved by a surgically created arteriovenous fistula, graft, or indwelling subclavian or internal jugular catheter.
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