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Preface

Chronic kidney disease (CKD) has been recently recognized by the United Nations as
a major non-communicable disease that poses significant health burden to the world
population. This book offers novel insights on topics such as congenital obstructive
nephropathy, cerebral-renal salt wasting, and the role of hemoglobin variability in
clinical outcomes of CKD which are not very often discussed in the literature. Two
related topics, primary aldosteronism and the role of renin-angiotensin-aldosterone
system in the development of hypertension in CKD patients are also discussed. Acute
Kidney Injury (AKI), characterized by a rapid reduction in kidney function, is more
common in hospitalized patients and is an independent risk factor for mortality. Dr.
Khanal Namrata discusses the epidemiology, causes and outcome of obstetric acute
kidney injury in this book. Polycystic Kidney Diseases (PKD) are a group of genetic
diseases affecting nearly 12 million people worldwide and there has been a significant
interest and progress in the understanding of these diseases. Two often overlooked
topics, the role of extracellular matrix abnormalities in PKD cystogenesis and
progression, and the role of angiogenesis in ADPKD pathogenesis provide critical
insights into these topics. With comprehensive and insightful reviews by eminent
clinicians and scientists in the field, this book is a valuable tool for nephrologists.

Dr. S. Vijayakumar, Ph.D

Pediatric Nephrology

University of Rochester Medical Center
USA
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Acute and Chronic Kidney Diseases






Congenital Obstructive Nephropathy:
Clinical Perspectives and Animal Models

Susan E. Ingraham and Kirk M. McHugh

Department of Pediatrics, Division of Pediatric Nephrology, The Ohio State University
and The Research Institute at Nationwide Children’s Hospital,

Columbus, Ohio,

USA

1. Introduction

Congenital obstructive nephropathy is the leading cause of pediatric chronic kidney disease
(CKD). Consequently, it engenders a tremendous societal burden in terms of morbidity and
mortality and in health care expenses over the lifespan of affected patients. The challenges
clinicians face in the diagnosis, prognosis, and treatment of congenital obstructive
nephropathy illustrate the utility of developing effective experimental models for the study
of this complex disease process. In this review, we characterize congenital obstructive
nephropathy with its myriad causes and manifestations, outline current standards of
diagnosis and care, and discuss experimental animal models with relevance in unraveling
clinical conundrums and molecular mechanisms of this important renal disease.

Congenital obstructive nephropathy is a complex process of pathologic changes in kidney
development and function that arise when antegrade urine flow is impaired beginning in
utero. The term congenital obstructive uropathy is frequently used to describe this condition.
However, every urologic obstruction - whether anatomic, mechanical, or functional -
should be approached with the knowledge that obstruction can affect the kidneys. For this
reason, we prefer the term congenital obstructive nephropathy.

Intrinsic anatomic obstructions may occur in isolation or accompanied by other pathology
such as renal hypodysplasia. Functional obstructions also occur, which may be transient and
self-resolving, or chronic with potentially profound consequences on renal function.
Although the etiologies of congenital obstructive nephropathy are myriad, any restriction of
urine flow has the potential to produce hydronephrosis, altered renal development, and
progression of CKD. This direct link between obstructed urine flow and abnormal kidneys
represents a central paradigm of urogenital pathogenesis that has far-reaching implications
(Woolf & Thiruchelvam, 2001).

2. Epidemiology of congenital obstructive nephropathy

Congenital obstructive nephropathy is the most common cause of CKD in children and is
among the top three etiologies of pediatric end-stage renal disease (ESRD; NAPRTCS, 2009).
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Congenital obstructive nephropathy is often grouped with renal agenesis,
hypoplasia/dysplasia and other abnormalities as a heterogeneous entity termed congenital
anomalies of the kidney and urinary tract (CAKUT). CAKUT is relatively common, affecting up
to 2% of pregnancies (Ismaili et al., 2003; Wiesel et al., 2005). CAKUT accounts for 51% of
childhood CKD in North America (NAPRTCS, 2009), and similar frequencies in registry
data from around the world (Neild, 2009a). Among the diagnoses within the broad category
of CAKUT, obstructive disease carries the greatest risk for developing ESRD (Sanna-Cherchi
et al., 2009). The association of renal hypodysplasia and impaired glomerular filtration rate
with urological obstruction is well-established. More subtle renal changes such as
hypertension, impaired sodium/water handling, and acidosis are also common (Farnham et
al., 2005; Gillenwater et al., 1975). Thus the full clinical impact of congenital obstructive
nephropathy is immense.

3. Classification of congenital obstructive nephropathy

The timing, extent, etiology, and location of impaired urine flow are important
considerations in describing and classifying the causes of obstructive nephropathy. One of
the most important and useful distinctions is the anatomic level at which the obstruction
occurs - namely, the upper urinary tract (kidney or ureter) versus the lower urinary tract
(bladder, bladder outlet or urethra). Upper urinary tract lesions have little potential to
affect the contralateral kidney, whereas lower tract anomalies generally put both kidneys
at risk.

3.1 Upper urinary tract obstructions

Congenital obstructions of the upper urinary tract include ureteropelvic junction (UPJ) and
ureterovesical junction (UV]) obstructions, as well as obstructing ureteroceles and other
anomalies of ureteric structure or position.

3.1.1 Ureteropelvic junction obstruction

UP]J obstruction is the most common congenital urological obstruction (Figure 1). It occurs in
one of every 1000-2000 births, with a 3:1 male predominance. Obstruction is bilateral in 20-
25% of cases (Woodward & Frank, 2002). Congenital UP] obstructions usually arise from an
adynamic proximal ureteral segment. This dysfunctional segment of the ureter often
exhibits abnormal distribution of collagen and/or smooth muscle, and may show altered
innervation or vasculature (Hosgor et al., 2005; Payabvash et al., 2007; Yoon et al., 1998).
Less common intrinsic causes of UPJ obstruction include a convoluted ureteral course and
deformations of the mucosa, including valve-like folds or polyps. UPJ obstruction may also
arise from extrinsic compression of the proximal ureter by another structure such as
aberrant vasculature or fibrous bands.

3.1.2 Ureterovesical junction obstruction

UV] obstruction, or primary obstructive megaureter, arises when urine flow is restricted at
or near the insertion of the ureter into the bladder (Figure 2). This is the second most
common site of congenital obstruction, after the UPJ] (Brown et al., 1987; Reinberg et al.,
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1991). UV] obstruction is four times more common in males and arises more often on the
left, with bilateral obstructions occurring in up to 25% of cases (Gimpel et al.,, 2010;
Woodward & Frank, 2002). Like UP] obstruction, UV] obstruction is typically associated
with an adynamic ureteric segment that fails to propagate effective urine flow.
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Fig. 1. Radiological findings associated with UPJ obstruction in an 18 month old female. Left
hydronephrosis was detected prenatally, and the patient had normal postnatal renal
function with no vesicoureteral reflux (VUR). She was managed conservatively, with
gradual improvement in hydronephrosis on serial imaging studies through age 15 months.
However, at 18 months of age hydronephrosis worsened. A - C. Ultrasound of urinary
bladder (A), right (B) and left (C) kidneys. The bladder (A) is normal in conformation with
normal wall thickness, and no hydroureter is seen. The right kidney (B) is structurally
normal with slight pelviectasis. The left kidney (C) demonstrates marked hydronephrosis
with blunted calyces and thinned parenchyma, which had worsened from previous findings
of moderate but improving hydronephrosis. D and E. Technetium-99m MAGS3 diuretic renal
scan using the F+20 protocol confirmed a left ureteropelvic junction obstruction. Sequential
posterior images of the abdomen and pelvis (D) are grouped into perfusion, parenchymal,
and excretion phases. Ten milligrams of furosemide were administered 20 minutes after
tracer injection. With injection of the tracer, there is bolus visualization of the inferior vena
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cava, followed by prompt visualization of renal parenchyma bilaterally. On the right side,
there is prompt cortical transit and accumulation in a normal-caliber collecting system
followed by appropriate washout. Renogram curve (E) shows a normal right drainage half-
time (T1/2) of 8.9 minutes. On the left side, the kidney is enlarged with central photopenia
consistent with hydronephrosis. Cortical transit is slightly delayed on the left compared to
the right. In the excretion phase, tracer accumulates in the hydronephrotic collecting system
but there is no washout of the radiopharmaceutical from the left kidney. Left T1,> was not
reached in the duration of the study. The patient subsequently underwent left pyeloplasty
for UPJ obstruction.
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Fig. 2. Radiological findings associated with UV] obstruction in a 4 month old male. A - C.
Ultrasound of urinary bladder (A), right (B) and left (C) kidneys. The bladder (BL) is normal
in conformation with a smooth wall of normal thickness. Bilateral distal hydroureter is seen,
greater on the right (RU) than the left (LU). The right kidney (B) is moderately
hydronephrotic with well-preserved parenchyma. The left kidney (C) demonstrates normal
echotexture and no hydronephrosis, but urothelial thickening is seen. D - F. Technetium-
99m MAGS3 diuretic renal scan using the F+20 protocol confirmed a right UV] obstruction.
Sequential posterior images are shown for the excretion phase only (D). Renogram curves
are illustrated for both kidneys (E) as well as for both ureters (F). Appropriate excretion is
observed in the left kidney and ureter both before and after administration of furosemide.
On the right side, minimal excretion is demonstrated prior to and following the diuretic.
Renal T1/2 is 2.3 minutes on the left and never reached on the right.
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3.1.3 Ureterocele

Ureteroceles are cystic dilations of the submucosal or intravesical segment of a ureter
(Figure 3). If the opening to the ureterocele is stenotic or ectopically positioned,
obstruction often results. The prevalence of ureterocele is 1 in 5000 newborns. Unlike the
majority of obstructive lesions, ureteroceles demonstrate a female predominance
(Woodward & Frank, 2002). Ureteroceles are often associated with a duplex collecting
system and/or ectopic ureteral insertion. Depending on the location, configuration and
size, unilateral ureteroceles may cause bilateral obstruction. Bilateral ureteroceles are
present in 20-50% of cases (Pohl et al., 2007).

Right Long

‘Dist 634 cm

Fig. 3. Radiological findings associated with ureterocele in a 6 day old male. A and B.
Voiding cystourethrogram (VCUG,). Filling image (A) shows the ureterocele as an ovoid
filling defect (red arrow). Voiding image (B) shows eversion of the ureterocele (yellow
arrow) through an ectopic ureteral insertion, resembling a congenital paraurethral
diverticulum. C - E. Ultrasound of urinary bladder (C), right (D) and left (E) kidneys. The
bladder (BL, image C) is minimally distended but demonstrates smooth walls of normal
thickness. Within the bladder, the thin rounded septation (white arrowhead) delineating the
ureterocele (UC) is seen. A markedly dilated right distal ureter (RU) is also evident on this
lateral, longitudinal view. The right hydroureter is associated with right upper pole
hydronephrosis (RUP, image D) in a duplex right kidney. There is minimal hydronephrosis
in the right lower pole duplex moiety. A duplex kidney is also observed on the left (E), with
no hydronephrosis.
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3.1.4 Other upper urinary tract obstructions

Although less common than UPJ] or UV] obstructions, congenital obstructions can arise
elsewhere within the kidney or along the course of the ureter. Examples include
infundibular or infundibulopelvic stenosis, which may be idiopathic or associated with
Beckwith-Wiedemann or Bardet-Biedl syndrome; anomalous ureteric position, such as a
retroiliac or retrocaval course; and mid-ureteral stricture.

3.2 Lower urinary tract obstructions

There are several congenital anomalies that result in chronic lower urinary tract obstruction,
the most familiar being posterior urethral valves (PUV). Other inborn causes of lower
urinary tract obstruction include urethral atresia, stenosis or hypoplasia; anterior urethral
valves; urethral diverticula; and cloacal anomalies. Congenital lower urinary tract
obstructions put both kidneys at risk for abnormalities in fetal renal development and
impaired renal function, and may be associated with oligohydramnios and pulmonary
hypoplasia. Congenital lower urinary tract obstructions may also result in bladder
dysfunction, ultimately leading to a secondary functional obstruction that may require
careful management to optimize renal outcomes.

3.2.1 Posterior urethral valves

PUV, also known as congenital obstructing posterior urethral membrane, is found in 1 out of
5000-8000 live births, and occurs only in males (King, 1985). Oligohydramnios is a common
consequence, and renal dysplasia may also be present. Using postnatal fluoroscopic VCUG,
the gold standard for diagnosis of PUV and other lower urinary tract obstructions
(Riedmiller et al., 2001), the classic finding for PUV is a linear filling defect in the column of
radiocontrast filling a markedly dilated posterior urethra. However, this distinct linear
radiolucent band corresponding to the “valve” is not always seen, because the obstructing
membrane can become distended and take on a more sail-like or windsock appearance, as
shown in Figure 4. Secondary VUR is found in 25-50% of PUV cases (Agarwal, 1999). In a
subset of patients, unilateral VUR may provide a “pop-oft” effect, whereby renal tissue and
function on the non-refluxing side is preserved at the expense of severe dysplasia and
dysfunction in the refluxing kidney (Greenfield et al., 1983).

3.2.2 Urethral atresia, stenosis, or hypoplasia

Although PUV is the most common cause of congenital lower urinary tract obstruction
postnatally, detailed postmortem analysis of fetuses with megacystis and hyperechogenic
kidneys showed that isolated severe lower urinary tract obstruction before 25 weeks’
gestation was as likely to be due to urethral atresia or stenosis as PUV (Robyr et al., 2005).
Urethral atresia may arise in association with complex collections of other genitourinary
and/or gastrointestinal anomalies. Moreover, urethral atresia may be a cause of bladder
outlet obstruction in females whereas PUV is not. Urethral atresia is incompatible with life
unless an alternative connection between the bladder and the amniotic sac is present.
Prenatal surgical decompression has been performed to relieve this obstruction, although a
spontaneous fistula or patent urachus may also provide the necessary bladder drainage
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Fig. 4. Radiological findings associated with PUV in a 2 day old male. A - C. Ultrasound of
urinary bladder (A), right (B) and left (C) kidneys. The bladder (BL) is rounded with a
thickened and trabeculated wall. This patient had severe hydroureter bilaterally, although
only the left ureter (LU) is clearly observed in image A. Moderate to severe hydronephrosis
is present bilaterally, with thinning of the cortex, increased echogenicity relative to the liver
(LIV), and poor corticomedullary differentiation. One fluid-filled area (CY) in the right
kidney did not clearly communicate with the collecting system, and likely represents a large
cyst. D and E. VCUG. The lobulated and undulating contours of the urinary bladder (BL)
reflect thickening and trabeculation of the bladder wall. The posterior urethra (PU) is
dilated. Rather than the classic abrupt transition to a normal caliber anterior urethra, this
patient has the “wind-sock” appearance generated by distal prolapse or distention of the
valve membrane (arrow). VUR into a tortuous and dilated left ureter (LU) is obvious.

(Gonzalez et al., 2001; Herndon & Casale, 2002). An association between urethral atresia and
prune belly syndrome has been recognized (Reinberg et al., 1993). Progression to ESRD is
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common, although not universal, in surviving patients with urethral atresia (Gonzalez, et
al., 2001).

3.2.3 Prolapsing ureterocele

Large ureteroceles can prolapse through the urethra, which may result in bladder outlet
obstruction. This is most frequently an acquired condition, although rarely prolapse may
occur in utero, leading to features of congenital obstructive nephropathy (Sozubir et al.,
2003).

3.2.4 Other urethral obstructions

Urethral diverticula and anterior urethral valves are rare causes of infravesicular
obstruction. Interestingly, although bladder pathology and variable degrees of
hydroureteronephrosis result, renal function is usually not impaired after surgical correction
of the obstruction (Arena et al., 2009; Gupta & Srinivas, 2000; Rawat et al., 2009).

3.3 Functional obstruction

Functional urological obstructions are conditions that result in impaired antegrade urine
flow without evidence of a physical blockage. In many patients, the situation may be
transient and can ultimately resolve without intervention, in which case a specific etiology
may never be identified. In other cases a functional obstruction may result from myogenic
or neurogenic causes, which can result in lifelong voiding dysfunction as well as significant
renal impairment. Examples include conditions such as congenital neurogenic bladder
(Ewalt & Bauer, 1996), congenital non-neurogenic neurogenic bladder (Vidal et al., 2009),
and prune belly syndrome (Woodhouse et al., 1982).

3.4 Multisystem conditions associated with obstruction or voiding dysfunction
3.4.1 Prune belly syndrome

Prune belly syndrome (Figure 5), also known as Eagle-Barrett syndrome, consists of the
triad of underdeveloped abdominal wall musculature, urinary tract dilatation, and
undescended testicles (Eagle & Barrett, 1950). Postnatally, urinary obstruction in prune
belly syndrome is often functional rather than anatomic in nature. Prune belly syndrome
has an incidence of 3.8 per 100,000 male births (Routh et al., 2010). The condition also
occurs rarely in females, albeit necessarily lacking cryptorchidism (Reinberg, et al., 1991).
Secondary VUR is present in 85% of patients with prune belly syndrome, and associated
anomalies of the gastrointestinal, pulmonary, skeletal, and/or cardiac systems are
common (Strand, 2004).

Two major theories, which are not mutually exclusive, have been advocated regarding the
development of prune belly syndrome. One proposes that the condition arises from a
fundamental flaw in mesoderm development (Straub & Spranger, 1981), while the other
suggests that prune belly syndrome originates from a severe fetal urethral obstruction that
results in massive distention of the bladder, degeneration of the abdominal wall
musculature, and interruption of testicular descent (Pagon et al., 1979).
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Fig. 5. Radiological findings associated with prune belly syndrome in a 2 day old male.

A - E. Ultrasound of urinary bladder (A), right (B) and left (C) ureters, right (D) and left (E)
kidneys. The bladder (BL) is decompressed but bladder wall thickness is normal. Tortuous
dilated ureters (U, RU, LU) are observed bilaterally in the lower abdomen. The kidneys are
dysplastic and amorphous in appearance, with cysts of varying sizes. There is no
corticomedullary differentiation in either kidney. F. VCUG. The protuberant abdomen
resulting from lack of abdominal wall musculature is evident from the position of bowel
loops (arrows) on this lateral view. This patient has an unusual configuration of the bladder,
bladder base and posterior urethra. There is absence of the normal prostate and a very
distended posterior urethra (PU) connecting to a dysplastic-appearing bladder (BL). No
evidence of true PUV was found on this or any subsequent investigations. Reflux is
observed into the distended right ureter (RU) but not the left. G. VCUG from another
patient 10 days postnatally shows a more typical trabeculated bladder with the
characteristic tubular shape of the bladder base in prune belly syndrome.
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3.4.2 Spina bifida

Approximately 50% of children with myelomeningocele have detrusor-bladder sphincter
dyssynergy, resulting in a functional bladder outlet obstruction and development of
hydronephrosis (Anderson & Travers, 1993). These patients can develop the same
complications as those with anatomical obstructions, including upper urinary tract
dilatation, VUR, incomplete bladder emptying, recurrent urinary tract infections, and CKD
(van Gool et al., 2001).

4. Diagnosis of congenital obstructive nephropathy
4.1 Prenatal ultrasound

In developed countries, antenatal diagnosis of congenital urinary obstructions is often made
in mid-gestation (at 18-20 weeks), when many pregnant women undergo a detailed prenatal
ultrasound. Megacystis with or without oligohydramnios is the characteristic ultrasound
finding of lower urinary tract obstruction, whereas hydronephrosis may signal upper or
lower urinary tract obstruction. Hydronephrosis is the most commonly detected anomaly on
prenatal ultrasound, found in as many as 4.5% of fetuses (Ismaili, et al., 2003). Prenatal
hydronephrosis may result from non-obstructive processes such as primary VUR or
physiologic dilatation as well as from obstruction. Differentiating obstruction from non-
obstructive causes of congenital hydronephrosis is critical because the prognosis and
management vary significantly among these conditions. Factors for consideration in
assessing fetal hydronephrosis include gestational age; gender; whether the finding is
unilateral or bilateral; the degree of dilatation; the ultrasonic appearance of the renal
parenchyma, including presence/absence of a kidney, echogenicity, evidence of cysts or
dysplasia, cortical thickness, and corticomedullary differentiation; the presence, volume,
and structure of the bladder; any evidence of dilatation elsewhere in the urinary tract; the
presence of other abnormalities of the urogenital system (such as duplication) or outside the
urinary tract; amniotic fluid volume; and the progression of all findings over serial
evaluations (Pates & Dashe, 2006). Several diagnostic algorithms have been proposed for the
evaluation of patients with prenatally detected hydronephrosis (de Kort et al., 2008; Ismaili
et al., 2005; Karnak et al., 2009; Riccabona et al., 2008; Shokeir & Nijman, 2000; Yiee &
Wilcox, 2008).

4.2 Postnatal diagnosis

In the neonate with a suspected urological obstruction, multiple modalities may be needed
for full evaluation. Renal ultrasound and voiding cytourethrogram usually play important
roles in postnatal assessment of these patients, and in some cases CT, MRI, diuretic
renography, urodynamic studies, or cystoscopy may be useful.

If not detected prenatally, congenital obstructive nephropathy may present in the
neonate, infant, child, adolescent or adult with poor urine output, weak urine stream,
abdominal distention, palpable abdominal or flank mass, pain, incontinence, urinary
tract infection, hematuria, altered serum chemistries, or as an incidental finding on
imaging studies.
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4.3 Prospective diagnostic and prognostic biomarkers

Many attempts have been made to identify useful diagnostic and prognostic biomarkers for
congenital obstructive nephropathy. These include gestational age at diagnosis (Hutton et
al., 1994); the volume of amniotic fluid (Oliveira et al., 2000; Sarhan et al., 2008); the presence
of megacystis (Oliveira, et al., 2000); the appearance of the renal parenchyma on prenatal
ultrasound (Morris et al., 2009; Robyr, et al., 2005; Sarhan, et al., 2008); fetal urinary sodium,
calcium, Bf2-microglobulin, and other urinary solutes and proteins (Decramer et al., 2008;
Morris et al., 2007). Additionally, pilot studies show that urine proteome analysis can
identify urodynamically significant UPJ obstruction in infants with hydronephrosis with a
sensitivity of 83% and a specificity of 92%, although the test had poor diagnostic accuracy in
patients older than 1 year of age (Drube et al., 2010). Although several of these markers and
tests show promise as diagnostic or prognostic tools, no consensus yet exists as to the best
panel of biomarkers to assess congenital obstructive nephropathy.

Prenatally, the volume of amniotic fluid as well as ultrasound appearance of the bladder,
urethra, and kidneys are common discriminators of the plan of care. Analysis of fetal urine can
provide additional information; fetal urinary sodium less than 100 mmol/L, chloride less than
90 mmol/L, osmolality less than 210 mOsm/L, and low levels of urinary protein indicate good
renal function (Shokeir & Nijman, 2000). Postnatally and in patients who present outside the
neonatal period, management decisions are most frequently reliant on ultrasonography
findings and other imaging modalities, coupled with serial measurements of serum creatinine.
Serum creatinine is a relatively late marker of renal injury whose elevation often signals
irreversible kidney damage (Nickavar et al, 2008; Sarhan et al., 2010). Nonetheless, nadir
serum creatinine level is a useful and reliable prognostic indicator in patients with congenital
obstructive nephropathy (Ansari et al., 2010; Bajpai et al., 2001; Warshaw et al., 1985).

5. Clinical course, management, and outcomes

The effects of fetal urinary tract obstruction on renal development, renal function, and
urodynamics will be unique to each individual patient, and there may be significant clinical
variability between patients thought to have similar obstructive lesions or processes. The
clinical course is influenced by many factors; those intrinsic to each patient include the
developmental stage at which the obstruction arises, the degree and duration of blockage,
and its location. However, accurate tools to measure and determine the prognostic impact of
these various factors in any individual case do not exist.

5.1 Management of congenital upper urinary tract obstruction

Regardless of the specific cause, unilateral upper urinary tract obstructive lesions rarely
result in azotemia. Conservative management of these patients is often recommended, with
surgery reserved for patients with clinical symptoms or declining renal function. However,
over time up to 50% of patients with unilateral UPJ obstruction will meet these criteria and
require surgical correction (Chertin et al., 2006). Additionally, some authors have raised
concern about an increased long-term risk for hypertension as a result of ureteral
obstruction, advocating for reconsideration of these conservative management approaches
(Carlstrom, 2010). Relative to unilateral obstruction, bilateral upper tract obstruction or
obstruction of a solitary functional kidney is far more ominous, and generally requires
prompt surgical intervention and careful postsurgical management to minimize and
monitor renal injury.
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5.2 Natural history of lower urinary tract obstruction

Obstruction of the bladder outlet or urethra affects urologic and renal functions at all points
proximal to the lesion. Extrarenal effects may also occur, primarily in the lungs due to
associated oligohydramnios. The profound changes that can result are outlined in Figure 6.

Congenital Bladder Outlet Obstruction

—

Renal Maldevelopment Ureteral Ineffective Oligohydramnios
[Hydronephrosis & Decreased Distention & Bladder
Mephron Number) Dysmotility Emptying
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Renal Reflux Overdistention Hypertrophy & Hypoplasia
Function \ Hyperplasia
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Growth Kidney Wasting Dysfunction
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A Urine Stasis
Anemia Bone Electrolyte  Acidosis High Urine
Disease Abnormalities Qutput
Infection

Fig. 6. Cascade of physiological consequences associated with lower urinary tract obstruction.

As many as 70% of boys with PUV develop advanced chronic or end-stage kidney disease
(CKD Stage 3-5; Parkhouse et al., 1988; Reinberg et al., 1992; Roth et al., 2001; Sanna-Cherchi,
et al., 2009). Those with ultrasound findings at or before 24 weeks’ gestation are significantly
more likely to have a poor renal outcome than children with PUV detected later in
pregnancy after a normal second trimester scan (Hutton, et al., 1994). Among patients with
PUV who survive the perinatal period, bladder dysfunction and nadir serum creatinine
greater than 1.0 mg/dl are independent risk factors for progression to end stage renal
disease (Ansari, et al., 2010; DeFoor et al., 2008). Unilateral or bilateral VUR associated with
PUV may also have a significant impact on kidney function (Heikkila et al., 2009).

Long-term follow-up studies decades after treatment for PUV offer additional insight into
the postnatal renal progression of this condition. Holmdahl and colleagues (2005) assessed
Swedish men who were treated for PUV between 1956 and 1970. Over the 30 to 40 years
between initial intervention and this follow-up assessment, the prevalence of ESRD in this
population increased from 8% to 21%, and only 37% of the cohort had apparently normal
renal function as adults (Holmdahl & Sillen, 2005). Kousidis et al. (2008) found that in a
British cohort of patients diagnosed prenatally between 1984 and 1996, 28% died or
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developed ESRD and 58% had normal renal function after a mean follow-up of 17.7 years.
The authors of the latter study note that for the more severely affected patients, the
functional outcome may be primarily determined by the severity of intrauterine obstruction
and presence of renal dysplasia and not significantly altered by early diagnosis and
treatment; however, for patients with more moderate disease, long-term prognosis may be
improved by prenatal diagnosis and early interventions (Kousidis, et al., 2008). Other
studies have not shown a statistically significant difference in outcomes between patients
with renal dysplasia and those with normal-appearing kidneys (Nickavar, et al., 2008;
Ylinen et al., 2004).

5.3 Antenatal intervention

Antenatal intervention for suspected fetal obstructive nephropathy has been attempted by
vesicoamniotic shunting, vesicocentesis, fetal cystoscopy, or open fetal bladder surgery. The
results are variable and these methods remain controversial. A 2003 meta-analysis of the
available data suggested improved perinatal survival following prenatal bladder drainage,
particularly in cases with poor predicted prognoses (Clark et al., 2003). However, these
procedures carry a high risk for complications including shunt malfunction or migration,
urinary ascites, hemorrhage, chorioamnionitis, iatrogenic gastroschisis, premature labor, or
miscarriage (Carr & Kim, 2010; Elder et al., 1987). The Percutaneous shunting in Low
Urinary Tract Obstruction (PLUTO) study, a multicenter, prospective, randomized trial, was
designed to systematically evaluate the prenatal and perinatal outcomes and risk/benefit
ratio of in utero intervention for urological obstruction versus conservative management,
and is currently in the data analysis phase (Kilby et al., 2007, Morris & Kilby, 2009;
University of Birmingham, 2011).

5.4 Postnatal intervention

In cases where renal function is affected or threatened, surgical relief of the obstruction or
diversion of the urine path is necessary. Stents, catheters, or percutaneous drains may be
useful to provide temporary drainage, but long-term management requires surgery.
Discussion of the variety of surgical techniques and approaches that may be implemented in
the management of congenital urinary obstructions is beyond the scope of this review.

Although such surgical interventions can relieve some of the effects of congenital
impairment of urine flow, many developmental and pathologic changes associated with this
condition appear irreversible. Many patients with congenital obstructive nephropathy,
including the majority of patients with PUV, do not have complete recovery of kidney
function following postnatal intervention (Parkhouse, et al., 1988; Reinberg, et al., 1992;
Roth, et al., 2001; Sanna-Cherchi, et al., 2009).

5.5 Progressive chronic kidney disease in congenital obstructive nephropathy

Given the frequency of chronic and progressive renal impairment, the importance of long-
term monitoring of all patients with congenital obstructive nephropathy cannot be
overemphasized. Serial measurements of renal function, periodic urinalysis, blood pressure
checks, and monitoring of growth should be performed for all patients with a history of
congenital urinary obstruction. Renal impairment, if detected, should be fully evaluated and
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managed, along with any complications of CKD such as hypertension, proteinuria,
electrolyte abnormalities, metabolic acidosis, anemia, dyslipidemia, or renal bone disease. In
young adult patients with congenital obstructive nephropathy and CKD, there is a strong
correlation between proteinuria and rate of decline in renal function. The ItalKid Project found
no benefit from angiotensin converting enzyme inhibitors (ACEi) in a population of patients
with renal hypodysplasia, many of whom also had congenital obstructive nephropathy
(Ardissino, 2007). However, a later study in young adults with congenital obstructive
nephropathy or primary VUR with hypodysplasia indicated that ACEi can slow this decline in
renal function, but impact renal outcome only when the estimated glomerular filtration rate is
greater than 35 ml/min (Neild, 2009b). In patients with post-obstructive bladder dysfunction,
an individualized voiding regimen designed to maintain bladder volume below a critical
filling volume can stabilize deteriorating renal function (Hale et al., 2009).

5.6 End-stage kidney disease due to congenital obstructive nephropathy

For patients with congenital obstructive nephropathy who progress to ESRD, renal
transplantation is generally a safe and effective therapy, with 5 year graft survival rates
approximately 85% for living donor transplants and 72% for deceased donor grafts in
patients with a primary diagnosis of obstructive nephropathy (NAPRTCS, 2009).
Appropriate and effective management of any residual urinary tract dysfunction is critical
to long-term outcomes following renal transplantation in patients with congenital
obstructive nephropathy (Morita et al., 2009).

6. Experimental models of congenital obstructive nephropathy

The experimental analysis of urological obstructions dates back to antiquity. The physician
Galen of Pergamon described ligature of both the ureter and the urethra in animals in the
2nd century A.D. (Galen, 1914). In the 21st century, surgical introduction of a urologic
obstruction is still an important research tool. Other animal models of congenital obstructive
nephropathy have been created by non-surgical approaches, including genetic manipulation
and chemical induction. This review focuses on animal models for investigating the
consequences of obstruction on the subsequent maturation and function of the kidneys and
urinary tract. For an analysis of how mouse models have contributed to understanding
ureter and bladder organogenesis from the earliest stages of development, we recommend
Dr. Mendelsohn’s excellent review (Mendelsohn, 2009).

6.1 Surgical models
6.1.1 Ureteral ligation/Unilateral ureteral obstruction

The vast majority of data on the progression of renal injury following urinary tract
obstruction has come from experiments involving surgical ligation of a ureter, a technique
known as unilateral ureteral obstruction (UUO) (Bing et al., 2003; de Souza et al., 2004;
Eroglu et al., 2004; Flynn et al., 2002; Hanai et al., 2002; Klahr & Morrissey, 2002; Stanton et
al., 2003; Thiruchelvam et al., 2003). Several studies have examined partial or complete
ureteral ligations in embryonic rabbits, opossums, and sheep (Becker & Baum, 2006;
Kitajima et al, 2010; Steinhardt et al., 1994). In these models, animals develop
hydroureteronephrosis in utero with variable degrees of renal dysplasia depending on the
timing and severity of obstruction.
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The majority of investigations using UUO have employed postnatal and adult rats, mice and
pigs. In these species, nephrogenesis continues for a limited period after birth (Moritz &
Wintour, 1999), so postnatal ligation in these animals may have some relevance to
congenital ureteral obstructions. Even though postnatal models do not reproduce the fetal
environment, the delay in renal maturation in rodents versus humans permits relative
comparisons of the effects of obstruction on kidney development to be made. In addition,
postnatal surgical models can isolate the effects of mechanical obstruction on the developing
urinary tract from parallel renal maldevelopment, a concern that often confounds analysis of
genetic models of congenital obstructive nephropathy. However, many obstructive lesions
that lead to congenital obstructive nephropathy in humans arise earlier in the course of renal
development, or exert their effects on the kidney more gradually, than the circumstances
modeled by UUO. Therefore, the precise pathophysiological applicability of this model to
congenital obstructive nephropathy remains to be determined.

UUO in rodents has been shown to have profound and often irreversible effects on renal
growth, maturation, and function in neonatal and adult animals. The progressive renal
injury associated with UUO has been characterized as four overlapping stages: 1) interstitial
inflammation, 2) tubular and myofibroblast proliferation, 3) tubular apoptosis, and 4)
interstitial fibrosis (Bascands & Schanstra, 2005; Chevalier, 2006; Klahr & Morrissey, 2002).
The renin-angiotensin and transforming growth factor § (TGF-B) pathways appear to play
critical roles in these changes (Bascands & Schanstra, 2005; Chevalier, 2006; Esteban et al.,
2004; Inazaki et al., 2004).

6.1.2 Bladder outlet obstruction models

Surgical introduction of a bladder outlet obstruction has been investigated in fetal sheep,
immature guinea pigs, and young rats (Cendron et al., 1994; Kitagawa et al., 2001; Kitagawa
et al., 2004; Mostwin et al., 1991; O'Connor et al., 1997). As in ureteral obstruction models,
the effects of these urethral manipulations are also highly dependent on the timing and
severity of the obstruction. Experimental urethral ligation resulted in a spectrum of findings
ranging from minimal renal pathology to hydronephrosis, renal dysplasia, pulmonary
hypoplasia and/or Potter’s sequence. Unfortunately, the data on surgical models of in utero
bladder outlet obstruction are limited by small numbers of animals, and by the lack of
complementary genetic studies since many of the large animal models are not easily
amenable to genetic manipulation.

6.2 Chemically-induced models

The antineoplastic anthracycline antibiotic Adriamycin has well-known teratogenic effects,
and has been used in pregnant rats to generate an animal model of congenital obstructive
nephropathy (Kajbafzadeh et al., 2011; Thompson et al.,, 1978). At Adriamycin dosages
above 1.5mg/kg/d, bladder hypoplasia or agenesis occurs in all offspring, but fetal viability
is low. At decreased doses, Kajbafzadeh et al. (2011) observed a high frequency of
hydronephrosis with coexisting bladder anomalies and minimal fetal lethality. The kidneys
of these animals demonstrated cortical thinning and cystic dilatation of collecting ducts.
However, Adriamycin-treated rats display multiple extrarenal anomalies consistent with the
VATER/VACTERL association, including vertebral defects, anal atresia, tracheoesophageal



18 Novel Insights on Chronic Kidney Disease, Acute Kidney Injury and Polycystic Kidney Disease

fistula with esophageal atresia, and radial limb dysplasia, which complicates application of
this approach to modeling congenital obstructive nephropathy.

6.3 Genetic models

Although numerous genes have been postulated to play a role in the normal and abnormal
development of the urinary tract, none have been shown to be directly responsible for the
primary lesions associated with congenital obstructive nephropathy in humans. Even so,
several mutational or transgenic rodent models of obstructive nephropathy have been
described.

6.3.1 Naturally-arising mutations associated with obstructive nephropathy

Congenital progressive hydronephrosis, a hereditary condition in a mutant strain of
C57BL/6] mice, results from a spontaneous point mutation in the aquaporin-2 gene. Affected
mice produce excessive quantities of hypotonic urine, which is believed to exceed the
capacity of the ureteral peristaltic machinery producing hydronephrosis, obstructive
nephropathy, and death (McDill et al,, 2006). Male C57BL/Ks] mice also have a high
incidence of hydronephrosis, although the mechanism of this finding has not been identified
(McDill, et al., 2006; Weide & Lacy, 1991). In both of these strains, hydronephrosis is not
present at birth; therefore, the urological defect is hereditary, but not congenital. Genetic
models that develop in utero obstruction include certain inbred lines of rats (Aoki et al., 2004;
Fichtner et al., 1994; Miller et al., 2004) that develop unilateral UPJ obstruction. Some of
these strains display minimal or no morphological change in the renal parenchyma, but one
strain of Wistar rats has been shown to develop hydronephrosis, loss of renal parenchyma,
tubular and ductal atrophy and dilation, and interstitial fibrosis (Seseke et al., 2000).

6.3.2 Targeted models with complex phenotypes

Mice with the targeted deletion of ADAMTS (a disintegrin and metalloproteinase with
thrombospondin motifs), lysosomal membrane protein LIMP-2/LGP85, or calcineurin also
develop urinary tract obstruction in the postnatal period (Chang et al., 2004; Gamp et al.,
2003; Yokoyama et al, 2002). Transgenic mice over-expressing human chorionic
gonadotropin develop functional urethral obstruction that is not apparent until adulthood
(Rulli et al., 2003). Mice deficient in the transcription factor Id2 (Aoki, et al., 2004; Fichtner, et
al., 1994; Miller, et al., 2004) develop unilateral UP] obstruction. Bilateral ureteral obstruction
in utero has been reported in mice heterozygous for bone morphogenetic protein 4 (Miyazaki
et al., 2000). However, each of these animal models exhibits complex urological phenotypes
including renal hypoplasia, dysplasia, aplasia, ureteral tortuosity, or duplicated ureters,
thereby confounding analysis due to the inextricability of the secondary effects of
obstruction from primary renal maldevelopment.

Developmental urinary tract anomalies including hydronephrosis also arise from knockout
of the uroplakin II or III genes and conditional knockout of homeobox gene Lim1 in the
nephric duct epithelium (Hu et al., 2000; Kong et al., 2004; Pedersen et al., 2005). However,
VUR is also a prominent feature in these CAKUT models, and it is not clear whether there is
a true or a functional obstruction, nor what the relative contributions of reflux and
obstruction to the renal phenotype are.
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Mice lacking either of the two angiotensin receptors likewise develop abnormal renal
phenotypes. The Agtr2 knockout has incomplete penetrance, with approximately 2-20% of
mutant mice demonstrating a wide spectrum of renal and urological anomalies including
UPJ stenosis or megaureter as well as multicystic dysplastic kidney, hypoplastic kidney,
VUR, or duplicated ureter (Nishimura, et al., 1999). Deficiency of Agtrl produces a renal
phenotype with some features similar to that seen in complete UUO, including papillary
atrophy, medullary thinning, calyceal enlargement, tubulointerstitial apoptosis, macrophage
infiltration, and fibrosis. The Agtrl mutant also demonstrates hypertrophy of the renal
vasculature, a feature not seen in UUO models. There is some evidence supporting a role for
Agtrl in promoting growth and contractility of smooth muscle cells (Miyazaki & Ichikawa,
2001), but the relative contributions of primary effects of the mutation on renal development
and secondary consequences of a possible functional obstruction in these mice remain
unclear. Agtrl knockout mice also display significant extrarenal abnormalities, including
poor weight gain, marked hypotension, and increased frequency of ventral septal defects
(Tsuchida et al., 1998).

6.3.3 Megabladder mouse

Our laboratory has identified a unique transgenic mouse model of congenital obstructive
nephropathy designated the megabladder (rmgb) mouse (Ingraham et al., 2010; Singh et al.,
2007). As shown in Figure 7, these mice develop a nonfunctional, over-distended bladder
due to a bladder-specific defect in smooth muscle differentiation. This leads to a functional
lower urinary tract obstruction, antenatal hydronephrosis, and signs of renal failure evident
shortly after birth. Male mgb homozygotes develop early renal insufficiency and rarely
survive beyond 4-6 weeks, whereas females may live a year or longer.

Megabladder mice closely mirror the pathophysiology associated with a lower urinary tract
obstruction in several key respects (Ingraham, et al.,, 2010; Singh, et al., 2007). Mgb-/- mice
develop a functional obstruction of the lower urinary tract that leads to hydroureteronephrosis
during embryogenesis. Mgb-/- mice are born with histopathological evidence of renal injury,
indicating that their kidneys possess preexisting pathological changes resulting from in utero
obstruction. The obstruction and its renal consequences develop within the uterine and fetal
environment, in contrast to the postnatal timing of obstruction in UUO and many genetic
models of obstructive nephropathy. Mgb-/~ mice preferentially develop right-sided
hydronephrosis reminiscent of the “pop-off” mechanism theorized in children with PUV and
secondary unilateral VUR (Greenfield, et al., 1983). Mgb-/- mice also exhibit a variable clinical
course, in much the same way that children with seemingly identical obstructive lesions may
have very different clinical outcomes. Male mgb-/- mice can be rescued from the complications
of renal failure and early demise by cutaneous vesicostomy, but of the vesicostomized animals
that survive the perioperative period, approximately 40% die within the first two weeks
despite a patent stoma and no apparent surgical complications. This result is reminiscent of the
fact that 27% to 70% of children with PUV will have progressive CKD despite surgery (Ansari,
et al., 2010; Kousidis, et al., 2008; Parkhouse, et al., 1988; Roth, et al., 2001; Sanna-Cherchi, et al.,
2009). Finally, mgb-/- mice possess no extrarenal features to complicate their utilization as a
functional model of congenital obstructive nephropathy. Taken together, these observations
suggest that mgb-/~ mice represent an excellent experimental model for the study of the
pathophysiological events associated with congenital obstructive nephropathy involving the
lower urinary tract.
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In the kidneys of mgb-/- mice, fibrotic changes are observed in a distinctive pattern.
Increased interstitial collagen deposition is first apparent in the renal parenchyma
immediately subadjacent to the urothelium of the renal capsule, followed by the outer cortex
near the renal capsule. In severe cases, fibrosis ultimately extends throughout the renal
parenchyma. Altered patterns of a-smooth muscle isoactin (a-SMA), E-cadherin, TGF-p1
and connective tissue growth factor expression are also observed in mgb-/- kidneys,
supporting a role for these pathways in the development of fibrosis associated with
congenital obstructive nephropathy (Ingraham, et al., 2010). Severely affected mgb-/- kidneys
also display several dysplastic features including alteration in the developmental
distribution of WT1 and PAX2. These observations are consistent with Edith Potter’s classic
work suggesting that the renal pathology associated with CAKUT includes varying degrees
of renal hypodysplasia (Potter, 1972). In contrast to the well-characterized UUO model of
upper urinary tract obstruction, inflammation does not appear to play a prominent or early
role in the pathogenesis of renal injury in the megabladder model.

[ SR ) o

Fig. 7. Megabladder (mgb) mouse. A. Two mgb-/- mice, prior to (right) and immediately after
(left) cutaneous vesicostomy. The mouse on the right demonstrates a massively distended
abdomen secondary to the megabladder, whereas the mouse on the left demonstrates the
flat belly attained with decompression of the bladder. B. Upon dissection and with the
megabladder (MGB) reflected caudally, hydroureteronephrosis involving both kidneys (RK
and LK) is apparent. C. Trichrome staining demonstrates a band of fibrosis (white arrows)
underlying the urothelium in a mildly affected mgb-/- mouse. D. In a more severely affected
kidney from a mgb-/- mouse, interstitial fibrosis (blue staining) extends throughout the renal
medulla, and in a stripe along the outer cortex (yellow arrows) adjacent to the renal capsule.
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7. Conclusion

Morbidity and mortality remain very high for patients with congenital obstructive
nephropathy, with few effective therapeutic options. Clearly, additional research is needed
to illuminate the cellular and molecular changes that characterize congenital obstructive
nephropathy, with particular emphasis on developing reliable biomarkers and new
therapeutic approaches to reduce the impact of this devastating disease. Experimental
animal models of obstructive nephropathy have provided valuable information regarding
renal pathogenesis and function following surgical occlusion or genetic manipulation. The
continued development of new animal models of congenital obstructive nephropathy, like
the mgb mouse, will provide increasing opportunities to identify and manipulate the key
molecular pathways associated with the development of chronic renal failure, while at the
same time providing an experimental platform for biomarker development and the
assessment of novel therapeutic strategies.
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1. Introduction

Anaemia is a common complication of chronic kidney disease (CKD). The underlying
physiology related to anaemia in CKD is secondary to reduction in endogenous erythropoietin
as the glomerular filtration rate (GFR) declines. The introduction of erythropoiesis stimulating
agents (ESA) has revolutionized the management of anaemia in CKD, leading to substantial
reductions in the blood transfusion requirements, improvement in energy and physical
function and small improvements in health-related quality of life (Clement et. al., 2009;
Eschbach et. al., 1987; Gandra et. al., 2010). Targeting higher haemoglobin with ESA therapy
has been associated with increased risks of stroke, vascular access thrombosis, hypertension
and possibly death (Badve et. al., 2011; Besarab et. al., 1998; Palmer et. al., 2010; Pfeffer et. al.,
2009; Phrommintikul et. al., 2007; Singh et. al., 2006). The current KDOQI Clinical Practice
Guideline recommends a haemoglobin target of 11-12g/dL. However, a substantial proportion
of non-dialysis and dialysis CKD patients exhibit fluctuations in the haemoglobin levels, also
known as haemoglobin variability. There is an emerging body of evidence demonstrating an
association between haemoglobin variability and mortality in CKD patients treated with ESAs.
Maintaining haemoglobin levels within narrow target range remains a major challenge in
clinical practice. The aim of this chapter is to review the definition, prevalence, risk factors of
haemoglobin variability, and its impact on survival, provide recommendations where possible
and suggest directions for future research.

2. Haemoglobin variability
2.1 Definition

The definition of haemoglobin variability is not entirely clear and various studies have used
different definitions. Intra-individual haemoglobin variability is defined as the fluctuation of
haemoglobin above or below (Kalantar-Zadeh & Aronoff 2009) or even within the target
range over time. Methods to quantify haemoglobin variability are summarised below.

1. Standard deviation of the differences between observed haemoglobin values and
haemoglobin slope which represents the mean haemoglobin change over time (Yang et.
al., 2007).
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2. Intra-individual standard deviation of 3-month haemoglobin rolling average (Lacson et.
al., 2003).

3. Using 3 haemoglobin groups (above/below/within the target) for each of the 6
consecutive monthly haemoglobin values, classification of all patients into 6 groups: (i)
consistently low, (ii) consistently high, (iii) consistently within the target range, (iv) low
amplitude fluctuation with low haemoglobin values (all-6 mo with low or target-range
haemoglobin values), (v) low amplitude fluctuation with high haemoglobin values (all-
6 mo with high or target-range haemoglobin values), and (vi) high amplitude
fluctuation with high haemoglobin values (low, high and target-range haemoglobin
values within 6-mo period) (Ebben et. al., 2006).

4. Time-in-target haemoglobin range (De Nicola et. al., 2007).

5. Determining velocity (or deflection) of haemoglobin change by averaging slopes
between successive haemoglobin values (Lau et. al., 2010).

6. Change in haemoglobin in 6-mo above and below the reference range (based on the
median change in haemoglobin in 6-mo) (Regidor et. al., 2006).

2.2 Prevalence

Haemoglobin variability is common not only in patients with end-stage kidney disease
(ESKD) on dialysis, but also in CKD patients who are not yet on dialysis (non-dialysis CKD).
The reported prevalence of haemoglobin variability in non-dialysis CKD patients varies
between 61 to 86% (Boudyville et. al., 2009; Minutolo et. al., 2009). On the other hand, 82 to
90% of ESKD patients on dialysis exhibit haemoglobin variability (Ebben et al., 2006;
Eckardt et. al., 2010; Gilbertson et. al., 2009).

3. Risk factors
3.1 ESA therapy

Requirement of ESA for the treatment of anaemia in CKD is a major risk factor for
haemoglobin variability. In a study involving 6,165 non-dialysis CKD patients, only 47% of
patients who were not treated with any ESAs demonstrated fluctuations in haemoglobin
(Boudville et al., 2009). However, 73% of patients who were already treated with ESAs
experienced haemoglobin variability. This prevalence further increased to 77% among
individuals who were commenced on ESAs as a new therapy. Patients treated with ESA
therapy for a longer duration were less likely to have haemoglobin variability. Each 3-mo
increment in the duration of ESA therapy decreased the risk of haemoglobin variability by
6%. In a study involving 5,037 ESKD patients on haemodialysis, the risk of developing
haemoglobin variability was more than twice in patients on ESAs, compared to those not on
ESAs (Eckardt et al., 2010). These findings suggest that the need of ESA rather than ESA
therapy per se leads to haemoglobin variability (See Table 1).

There is increased interest in studying the effect of various anaemia management protocols
on haemoglobin variability. Patel and colleagues studied the effect of route of
administration of erythropoietin on haemoglobin variability in a post hoc analysis of a
randomised controlled trial involving 157 prevalent ESKD patients on dialysis (Patel et. al.,
2009). Over a follow up of 24-weeks, compared to patients treated with intravenous
erythropoietin, those treated with subcutaneous erythropoietin were more likely to have (i)
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Factors related to ESA therapy

Route of administration

Long versus short acting ESA
Responsiveness to the first dose of ESA
Haemoglobin before initiation of ESA

Iron supplementation

Frequency of the ESA dose adjustments
Magnitude of the ESA dose adjustments
Patient-level factors

Age

Gender

Body mass index

Incident versus prevalent dialysis
Comorbid conditions

Number and duration of hospitalisation
Use of catheter as haemodialysis vascular access
Facility-level anaemia management protocols
Proportion of patients prescribed ESAs
Frequency of haemoglobin monitoring
Frequency of ESA dose monitoring

Wider range of target haemoglobin
Higher upper target range of haemoglobin

Table 1. List of possible factors affecting haemoglobin variability

haemoglobin concentrations outside the target range for more weeks (13.9 £ 4.7 weeks
versus 12.5 + 5 weeks, p=0.04) and (ii) higher standard deviation of haemoglobin (0.84 + 0.35
versus 0.74 = 0.27, p=0.01). Interestingly, in one report, the risk of developing haemoglobin
variability was greater with long-acting ESAs (Boudville et al.,, 2009). De Nicola and
colleagues did not find any association between long-acting ESAs versus erythropoietin and
haemoglobin variability (De Nicola et al., 2007). However, they observed that baseline
haemoglobin level, first dose of ESA and initial iron supplementation were directly
associated with the length of time-in-target haemoglobin.

Depending on the 6-group classification based on the highest and lowest categories of
haemoglobin, Gilbertson and colleagues reported that patients in the low-intermediate group
received high doses of erythropoietin and more blood transfusions (Gilbertson et al., 2009).
Minutolo and colleagues found that haemoglobin variability was associated with
responsiveness to the first dose of erythropoietin (Minutolo et al., 2009). They also observed
that a change of erythropoietin dosage occurred less frequently than expected in spite of
regular follow up visits. Therefore, they concluded that lack of adjustment of erythropoietin
dosage can lead to haemoglobin variability. However, their data on the effect of frequency and
magnitude of adjustment of erythropoietin dosage on haemoglobin stabilisation is less clear. In
a post hoc analysis of a randomised controlled trial involving 154 ESKD patients on
haemodialysis, more frequent adjustments of erythropoietin dosage as well as larger changes
of erythropoietin dosage were associated with haemoglobin variability (Lau et al., 2010).

Using data from the Dialysis Outcomes and Practice Patterns Study (DOPPS) involving
26,510 patients, Pisoni and colleagues studied the associations between facility-level
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anaemia management practices and facility-level haemoglobin standard deviations (Pisoni
et. al., 2011). This study identified factors that decreased haemoglobin variability which
include reviewing ESA dose at least twice a week and checking haemoglobin levels on a
weekly basis. There was also less haemoglobin variability in facilities with a greater
percentage of patients prescribed an ESA likely related to better anaemia management with
the introduction of an ESA and fewer patients outside the target haemoglobin concentration.
The factors that were more likely associated with haemoglobin variability were: facilities
with a wider target haemoglobin range, higher upper target haemoglobin, and ESA
administration by subcutaneous route (compared to intravenous route).

3.2 Patient-level factors

Various studies have reported that young age is a risk factor for haemoglobin variability (De
Nicola et al., 2007; Eckardt et al., 2010). Boudville and colleagues reported that the odds of
haemoglobin variability decreased by 11% with each 10-yr increment in age (Boudville et al.,
2009). A few studies have reported that women were more likely to have fluctuations in the
haemoglobin concentration (Ebben et al., 2006; Gilbertson et. al., 2008). In a study of 119
non-dialysis CKD patients, male gender was directly associated with increased time-in-
target haemoglobin (De Nicola et al., 2007).

Eckardt and colleagues studied the magnitude and frequency of haemoglobin variability as
a quantitative index by integrating the area under the curve (AUC) between measured
haemoglobin values and the mean haemoglobin concentration (Eckardt et al., 2010). High
degree of haemoglobin variability was defined as AUC >50th percentile. The mean body
mass index (BMI) was lowest in the highest quartile of AUC. On multivariate logistic
regression, BMI 25 to 30 kg/m? and >30 kg/m?2 were independently associated with
decreased odds of haemoglobin variability compared to the reference category of BMI 18 to
25 kg/m2. Similarly, Lau and colleagues also observed less positive deflection of
haemoglobin in heavier patients (Lau et al., 2010).

There is an excess burden of comorbid conditions in CKD, leading to erythropoietin
hyporesponsiveness. In an observational study involving 152,846 ESKD patients on
haemodialysis, Ebben and colleagues reported that having 2 or more comorbid conditions, 6
or more days of hospitalisation, and occurrence of infectious hospitalisations were
independently associated with haemoglobin variability (Ebben et al., 2006).

Eckardt and colleagues found that incident dialysis vintage, change in haemodialysis
vascular access, use of catheter for haemodialysis, haemoglobin lower than 11 g/dL, use of
angiotensin-converting enzyme inhibitor or angiotensin receptor blocker, and
hospitalisation were positively associated with an increased risk of haemoglobin variability
(Eckardt et al., 2010). Also, patients treated with an ESA were twice likely to experience
hemoglobin variability than those not treated with an ESA. As expected, higher serum
albumin concentration was negatively associated with haemoglobin variability.
Interestingly, history of cardiovascular disease was negatively associated with haemoglobin
variability. Furthermore, the investigators did not find any association of C-reactive protein
and leukocyte count with haemoglobin variability. The reasons for these findings are not
entirely clear, but this study included a highly selected cohort in whom complete data on
monthly haemoglobin values for 6 mo and medications were available, raising a possibility
of selection bias. Similarly, Lau and colleagues also found a positive association between
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catheter use and haemoglobin variability; and a negative association with high baseline
haemoglobin (Lau et al., 2010).

Weinhandl and colleagues studied the risk factors for haemoglobin variability in Medicare
haemodialysis patients (Weinhandl et. al., 2011). The study cohort included 3 groups of
haemodialysis patients: historical prevalent (prevalent on July 1, 1996; n=78,602),
contemporary prevalent (prevalent on July 1, 2006, n= 133,246), and incident (January 1,
2005 - June 30, 2006, n=24,999). In both the prevalent groups, the presence of all comorbid
conditions, except hepatic disease, was associated with greater haemoglobin variability.
These conditions included atherosclerotic heart disease, congestive heart failure, arrhythmia
and other cardiac diseases, cerebrovascular disease, peripheral vascular disease, cancer,
chronic obstructive pulmonary disease, diabetes and gastrointestinal bleeding. In the
incident group, the presence of cerebrovascular disease, peripheral vascular disease, chronic
obstructive pulmonary disease, diabetes and gastrointestinal bleeding were associated with
haemoglobin variability. In all 3 groups, cumulative hospital days and number of months
with haemoglobin <10 g/dL were positively associated with haemoglobin variability.
Similar findings have been reported by Gilbertson and colleagues (Gilbertson et al., 2009).

3.3 Facility-level factors

Pisoni and colleagues studied facility-level risk factors for haemoglobin variability in 26,510
haemoglobin patients from 930 facilities in 12 countries using the DOPPS data (Pisoni et al.,
2011). Haemoglobin variability was not associated with the number of haemodialysis
patients per facility. However, larger differences in mean facility-level haemoglobin
standard deviation were seen between countries. The mean age was nearly 2 years younger
in the highest quartile of facility-level haemoglobin standard deviation than the lowest
quartile. The investigators found that BMI, neutrophil count, and prevalence of psychiatric
disorders and hepatitis C were higher in facilities with higher facility-level haemoglobin
standard deviation. They also observed a positive association between haemoglobin
variability and increased proportion of patients in a facility with parathyroid hormone level
>450 pg/mL. Furthermore, the investigators reported a strong correlation (r =0.56) between
facility-level haemoglobin standard deviation and within-patient haemoglobin standard
deviation. These findings suggest that the results of this facility-level study could be
generalised to an individual patient.

4. Association between haemoglobin variability and mortality

An emerging body of evidence suggests that haemoglobin variability is associated with
increased risk of all-cause death in both non-dialysis CKD and ESKD patients. Boudville
and colleagues found an association between haemoglobin variability and death not only in
non-dialysis CKD patients treated with ESAs (n=1,823), but also in those who were not on
ESAs (n=3,143) (Boudville et al., 2009). For each 1 g/L increase in the residual standard
deviation, HR (95%CI) for patients on ESA throughout the study and those who were not
receiving ESA were 1.02 (1.01 to 1.04) and 1.03 (1.02 to 1.05), respectively. The analysis of the
pooled data from these 2 groups showed similar results. Compared to patients with
haemoglobin levels consistently within the target range, those with low amplitude
fluctuation with low haemoglobin values (HR 1.62, 95%CI 1.36 to 1.94) and high amplitude
fluctuation (HR 1.57, 95%CI 1.24 to 1.98) were at increased risk of all-cause mortality.
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Minutolo and colleagues reported that longer time with haemoglobin within the target range
of 11 to 13 g/dL was associated with decreased risk of renal death (defined as a composite
endpoint of all-cause death on dialysis or after kidney transplantation) (Minutolo et al., 2009).

In a study involving 34,963 haemodialysis patients who were enrolled in the Fresenius
Medical Care database in 1996, Yang and colleagues reported that the risk of all-cause
mortality increased proportionately with haemoglobin variability (Yang et al.,, 2007). The
hazard ratio and 95% confidence intervals (CI) per 0.50 g/dL, 0.75 g/dL, 1.00 g/dL, and 1.50
g/dL increases in haemoglobin variability were 1.15 (1.10 to 1.20), 1.24 (1.16 to 1.32), 1.33
(1.22 to 1.45), and 1.53 (1.35 to 1.75), respectively.

Gilbertson and colleagues found that out of 6 categories of haemoglobin variability
(categorized as low <11g/dL, intermediate 11 - 12.5g/dL & high >12.5g/dL and further
divided into low-low, intermediate-intermediate, high-high, low-intermediate,
intermediate-high, low-high), patients in the low-high and low-intermediate groups
experienced an increased risk of death compared with those in the intermediate-
intermediate group (Gilbertson et al., 2008). The HR and 95%CI for the low-high and low-
intermediate groups were 1.19 (1.10 to 1.28) and 1.44 (1.33 to 1.56), respectively. Although
this categorization broadly identifies patients with stable hemoglobin and either low or high
amplitude fluctuations in hemoglobin, it assumes a unidirectional and linear change in
hemoglobin.

Lau and colleagues measured haemoglobin variability as rate of haemoglobin change:
average positive-only (positive haemoglobin deflections) and average negative-only
(negative haemoglobin deflections) (Lau et al., 2010). While negative haemoglobin
deflections were not associated with mortality risk (HR 1.07, 95% CI 0.94 to 1.21 per
g/L/week), rapid rise in haemoglobin was associated increased risk (HR 1.23, 95% CI 1.03
to 1.48 per g/L/week).

Regidor and colleagues analysed a cohort of 58,058 prevalent haemodialysis patients from
the DaVita dialysis organisation (Regidor et al., 2006). Compared to patients whose
haemoglobin remain unchanged during the first 6 mo of the 2-year cohort study period, the
risks of all-cause and cardiovascular mortality were significantly higher in patients with
reduction in haemoglobin by more than 1.50 g/dL/quarter. In the fully-adjusted model
(adjusted for demographic characteristics, comorbidities, smoking, dialysis dose, nutritional
status, iron studies, doses of ESAs and iron), there was no association observed with
increment in haemoglobin and mortality. However, decrease in hemoglobin was associated
with increased mortality. While this study described an association between change in
hemoglobin per quarter and mortality, it did not specifically study an association between
hemoglobin variability and mortality.

Pisoni and colleagues reported mortality outcomes using haemoglobin variability at the
facility-level using the DOPPS database (Pisoni et al., 2011). In the adjusted model, the HR
for every 0.5 g/dL higher facility-level haemoglobin standard deviation was 1.08 (95% CI
1.02 to 1.15). Compared to the reference category of the lowest quartile of facility-level
haemoglobin standard deviation, the HR (95% CI) for the 2nd, 3rd and 4th quartiles were 1.08
(1.10 to 1.34), 1.15 (1.35 to 1.69) and 1.19 (1.04 to 1.37), respectively. As previously
mentioned, the facility-level haemoglobin standard deviation correlated well with within-
patient haemoglobin standard deviation.
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Not all studies have demonstrated a positive association between haemoglobin variability
and death in CKD. Eckardt and colleagues studied the effect of haemoglobin variability on
mortality using 5 definitions: within-patient standard deviation, residual standard
deviation, time-in-target haemoglobin, amplitudes of fluctuation, and AUC (Eckardt et al.,
2010). In the adjusted Cox regression model, haemoglobin variability was not a statistically
significant factor in all 5 methods, except for the group of patients with low amplitude
fluctuations with low haemoglobin levels (HR 1.74, 95%CI 1.00 to 3.04). However, 95%
confidence intervals were very wide and the lower 95% confidence interval was 1.00. Thus,
although this association was statistically significant, it was weak.

Brunelli and colleagues included a retrospective cohort of 6,644 incident patients who
commenced haemodialysis between 2004 and 2005 from the Fresenius Medical Centre
database (Brunelli et. al., 2008). In contrast to their 1996 cohort study results (Yang et al.,
2007), the association between haemoglobin variability and mortality was not statistically
significant. The unadjusted and adjusted HR (95%CI) for were 0.96 (0.81 to 1.14) and 1.11
(0.92 to 1.33), respectively. The discrepancy in these analyses may be explained by the
addition of a large number of variables in the Cox regression model for the 2004-2005 cohort
as more data were available. Consequently, when the analysis was restricted using the same
limited variables as in the 1996 cohort study; the association achieved statistical significance
with a HR of 1.22 (1.01 to 1.48). Although the investigators have attempted to adjust for
known variables, the possibility of residual confounding could not be excluded. The
complexity of these statistical models makes interpretation of the results difficult,
particularly when the different statistical methods or approaches did not generate robust or
consistent findings.

Weinhandl and colleagues reported the association between haemoglobin variability and
all-cause mortality using 3 Cox proportional hazards regression models (Weinhandl et al.,
2011). In the case-mix-adjusted model, the HR (95%CI) for the contemporary prevalent,
historical prevalent and incident groups for 1 g/dL haemoglobin variability were 1.27 (1.24
to 1.31), 1.32 (1.27 to 1.38) and 1.08 (1.03 to 1.13), respectively. In the comorbid condition-
adjusted model, haemoglobin variability was associated with increased risk of death in both
the prevalent groups with a HR of 1.07 (1.04 to 1.10) in the contemporary prevalent group
and 1.10 (1.06 to 1.15) in the historical prevalent group. However, there was no statistically
significant association in the incident group (HR 1.03, 95%CI 0.98 to 1.09). In the expanded
comorbid condition-adjusted model, the statistically significant association was limited only
to the historical prevalent group (HR 1.07, 95%CI 1.03 to 1.12). Haemoglobin variability was
not associated with increased risk of death in either the contemporary prevalent (HR 1.02,
95%CI 0.99 to 1.05) or incident groups (HR 1.01, 95%CI 0.95 to 1.06). These findings suggest
that the association between haemoglobin variability and mortality was weak in this study
and was sensitive to adjustment for concurrent disease severity.

5. Management of haemoglobin variability

Since the introduction of ESAs, most of the clinical trials with ESA therapy have focused on
haemoglobin targets in CKD patients. There is a shortage of clinical trials studying the
optimal strategy for haemoglobin monitoring in patients treated with ESAs and
interventions to reduce haemoglobin variability.
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Ho and colleagues conducted an observational case-control study of unselected ESKD
patients on haemodialysis (Ho et. al., 2010). Patients served as their own control. They
compared 2x/month laboratory haemoglobin measurements and use of a computerised
algorithm to analyse 12x/month monitoring of Crit-line haemoglobin measurements. They
found that haemoglobin variability, measured by the mean standard deviation of the
residuals, significantly improved during the phase of frequent haemoglobin monitoring.
However, this was not a randomised controlled trial. Also, the sample size was small and it
was an unblinded study in a single-centre. Nonetheless, the study highlights the importance
of frequent monitoring of haemoglobin as it may provide an opportunity to titrate the ESA
dose early.

Gaweda and colleagues conducted a case-controlled observational study in which 49 ESKD
patients on haemodialysis were included (Gaweda et. al., 2010). The investigators measured
haemoglobin using Crit-line at various intervals: twice weekly or 8x/mo, once weekly or
4x/mo, every 2 weeks or 2x/mo and every 4 weeks or 1x/mo. They also calculated the
haemoglobin estimation error as a root mean-squared difference between the observed and
estimated haemoglobin and compared it with the measurement error. They found that the
most accurate haemoglobin estimation was achieved with twice weekly haemoglobin
sampling, although it exceeded the accuracy of the measurement device. Twice and once
weekly haemoglobin measurements were found to be optimal in 31% and 45% patients,
respectively. This was also a single-centre study with a small sample size.

These two studies highlight the paucity of evidence in the area of management of
haemoglobin variability. Considering the cost and possible amount of blood loss associated
with frequent hemoglobin monitoring, currently available evidence is not sufficient to make
any clinical practice recommendations.

6. Future research

There is substantial heterogeneity in the haematological response to ESAs. Although the
factors underpinning ESA-hyporesponsiveness are well characterised, those contributing to
haemoglobin variability are poorly understood. Future studies should include prospective
and systematic data collection to evaluate these factors. Investigations should also be carried
out to develop a single and uniformly accepted method to measure haemoglobin variability
that is clinically relevant and reproducible, since there is no consensus on a single method
for the measurement of haemoglobin variability.

The data on the effect of haemoglobin variability on mortality are conflicting. This could be
due to several reasons. Firstly, most of the data originates from retrospective and
observational studies. Secondly, the studies are arbitrarily limited to sampling during 6
month periods where monthly haemoglobin values for each month were available. This
cross-sectional nature of the study does not reflect long-term fluctuations in haemoglobin
values. Thirdly, due to highly selective nature of the study cohorts, sampling bias could be
potentially introduced. Most of these studies had a very short follow up period ranging
from 6 months to 18 months. Furthermore, different statistical models have demonstrated
inconsistent and non-reproducible results due considerable between-study variation in the
covariates included in the adjusted models. Therefore, the exact nature and quantification of
the effect of haemoglobin variability on mortality is still poorly understood.
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Future studies should be designed carefully and conducted prospectively to define the exact
magnitude of the effect of haemoglobin variability on mortality. They should also include a
greater breadth and depth of the CKD patient populations since dialysis studies have not
included patients receiving peritoneal dialysis and studies involving non-dialysis CKD
patients have been very limited.

Most of the current data is merely hypothesis generating. Therefore, well designed and
adequately powered randomised controlled trials are needed to determine the optimal
frequency of haemoglobin monitoring along with a cost-effective analysis. Further trials are
required to define the optimal strategy of frequency and magnitude of ESA and iron dose
changes, and study their possible interactions with concurrent acute illness and the presence
of comorbid conditions.

7. Summary

Haemoglobin variability is highly prevalent in both non-dialysis and dialysis CKD patients.
The factors contributing to haemoglobin variability are not entirely clear. However, the
currently available evidence has identified the following factors: younger age, female
gender, low body mass index, the presence of comorbid conditions, and the use of ESA and
less frequent monitoring of haemoglobin. There is conflicting evidence on the effect of
haemoglobin variability on mortality with some studies demonstrating a strong association
and others showing no association with mortality. A few small prospective observational
studies have found that frequent monitoring of haemoglobin may reduce short-term
haemoglobin variability, although the optimal frequency of haemoglobin monitoring is yet
to be defined. Evidence-based treatment strategies cannot be currently recommended due to
a lack of high quality data. In conclusion, maintaining haemoglobin within a target range
continues to pose a challenge to clinicians. Further research is urgently needed in this
insufficiently researched field.
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1. Introduction

The current approach to the diagnosis and treatment of hyponatremia is in a state of flux,
largely because of an unresolved controversy regarding the relative prevalence of the
syndrome of inappropriate secretion of antidiuretic hormone (SIADH) and cerebral salt
wasting, or preferably renal salt wasting (RSW). The recent awareness that symptoms are
now being attributed to even mild hyponatremia has led to recommendations to treat
virtually all hyponatremics. (Arief et al, 1976; Berl et al, 2010; Decaux, 2006, 2009; Gankam
Kegne et al, 2008; Hoorn et al, 2009; Renneboog et al, 2006; Sterns et al,2009; Schrier, 2010)
This tendency to treat even mild hyponatremia introduces an urgency to resolve the
diagnostic dilemma of differentiating two syndromes, SIADH and RSW, with divergent
therapeutic goals, to water-restrict in SIADH or administer salt and water in RSW. We
propose to define RSW by supporting data and review the pathophysiology of RSW, the
derivation and evolution of the controversy over the relative prevalence of SIADH and
RSW, and methods to differentiate SIADH from RSW. We will also review the emerging
value of determining fractional excretion (FE) of urate in the evaluation of patients with
hyponatremia by emphasizing our recent observations in reset osmostat, identify conditions
that predispose to RSW, amplify the possibility that RSW might exist in patients with an
increased FEurate without hyponatremia and propose an algorithm where FEurate is central
to the evaluation of hyponatremia. We will also advocate and hopefully justify changing the
designation, cerebral salt wasting, to renal salt wasting, and briefly discuss different
strategies to treat hyponatremia.

2. Definition of RSW

In our view, RSW is most accurately defined as, “extracellular volume (ECV) depletion due
to a renal sodium transport abnormality with or without high urinary sodium concentration
(UNa), presence of hyponatremia or cerebral disease and normal renal, adrenal and thyroid
function”. (Maesaka et al, 2009) We will provide data to support our contention that UNa
can be low in RSW, and how RSW can occur in normonatremic patients and in patients
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without cerebral disease. Although an increased FEurate has been demonstrated in a
number of patients with RSW, we will withhold including FEurate to our definition of RSW
until there are more confirmatory data.

2.1 Pathophysiology of RSW

RSW starts with a disease entity that appears to induce production of a natriuretic factor(s)
that inhibits mainly proximal tubule sodium transport and possibly other solutes such as
urate. Depending on the balance between the severity of the sodium transport defect and
sodium intake, ECV depletion of varying magnitude ensues. The patient will first enter a
stage of negative sodium balance, which will stimulate the renin-angiotensin aldosterone
system, reduce atrial/brain natriuretic peptide (A/BNP), alter glomerular hemodynamics
and possibly activate neural factors that attempt to decrease sodium excretion. (Abuelo,
2007) In some, a combination of inadequate sodium intake and profound inhibition of
tubule sodium transport can lead to severe, symptomatic ECV depletion that is manifested
as postural hypotension, unsteady gait, and postural somnolence, dizziness and slurred
speech. (Gutierrez et al, 2007, Maesaka et al, 1990, 2007, Wijdicks et al, 1985) A more
common scenario is a milder defect in sodium transport and mild ECV depletion that cannot
be appreciated unless we refine our ability to diagnose RSW accurately. There are, therefore,
different degrees of volume depletion that depend on the severity of the inhibition of renal
sodium transport and salt and water intake. The true prevalence of RSW, therefore, cannot
be appreciated until we refine methods of determining ECV accurately by simple methods
or develop other as yet unidentified methods of defining RSW. Moreover, because SIADH
and RSW typically present with hyponatremia, high urine osmolality and UNa, these
overlapping features of RSW and SIADH and divergent therapeutic goals of each syndrome
introduce an urgency to differentiate one syndrome from the other to achieve these
opposing therapeutic goals.

The volume-depleted subject must reach an equilibrated state of sodium balance, otherwise
a sustained negative sodium balance will result in total loss of body sodium and collapse of
the vascular system. Sodium excretion and UNa can thus be low, if sodium intake is low.
(Maesaka et al, 2007) A similar sequence of negative sodium balance followed by
equilibration has been noted for SIADH. (Jaenike et al, 1961) The increase in water
reabsorption maintains ECV at high normal and increases ANP levels, which can cause
natriuresis by multiple factors. (de Zeeuw et al, 1992)

Interestingly, plasma renin in RSW can be variable depending on sodium intake, whereas
plasma aldosterone tends to be increased irrespective of sodium intake when volume
depleted. (Bitew et al, 2009; Maesaka et al, 2007) In this scenario, we noted increased plasma
renin in a patient with RSW while on a low sodium intake. The decrease in sodium delivery
to the distal tubule stimulated COX2 activity and increased plasma renin. (Traynor et al,
1999) On the other hand, a salt wasting patient on a normal sodium intake had higher
sodium delivery to the distal tubule by virtue of an underlying decrease in proximal tubule
sodium transport that failed to increase COX2 activity and maintained normal plasma renin,
while being volume depleted. (Bitew et al, 2009; Traynor et al, 1999)

In contrast to SIADH, when ADH production fails to respond to conventional volume and
osmolar stimuli, there is appropriate stimulation of ADH production in RSW by ECV
depletion. The volume stimulus for ADH production is more potent than the osmolar effect
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on ADH production, so a volume depleted patient continues to increase ADH production,
increase free water reabsorption and decrease serum sodium and osmolality. (Robertson &
Ganguly, 1986) Administration of saline in our patient with RSW eliminated the volume
stimulus for ADH production to allow the coexisting hypoosmolality of plasma to inhibit
ADH production to indeterminate levels, thus decreasing urine osmolality, increase free
water excretion and increase serum sodium, figure 1.
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Fig. 1. Urine osmolality and serum sodium concentration during saline infusion at 125
ml/hr. over 48 hour period. Note dilution of urine 13 hours after initiation of saline, at
which time a previously increased plasma ADH was not detectable, appropriate AD
secretion. See text. (reproduced with permission from publisher)

This appropriate increase in plasma ADH in a patient with unequivocal RSW illustrates this
important physiologic difference between RSW and SIADH. (Maesaka et al, 2007, 2009) As
noted earlier, the task of clinically determining whether the increase in plasma ADH levels
are appropriate or inappropriate rests solely on differences in ECV, since both present with
hyponatremia, high urine osmolality and UNa. Our reliance on the assessment of ECV
becomes critical in differentiating SIADH from RSW. Our inability to assess this critical
parameter remains central to the unresolved controversy regarding the prevalence of
SIADH and RSW. (Maesaka et al, 2009, 1999; Oh & Carroll, 1999; Singh et al, 2002).

2.2 Natriuretic factor(s) in RSW

Atrial or brain natriuretic peptide (A/BNP) has been frequently mentioned as a possible
cause of the salt wasting in RSW. (Ellison & Berl, 2007; Palmer, 2003) A/BNP has been
reported to be increased in patients with subarachnoid hemorrhage (SAH), a condition that
has been shown to have a high prevalence for RSW, but it has also been reported to be
increased in a non salt wasting syndrome such as SIADH and salt-retaining conditions such
as congestive heart failure. (Burnett et al, 1986; Fichman et al, 1974; Wijdicks et al, 1991) The
low normal ANP level in RSW is consistent with the volume-depleted state and strongly
argues against any role of ANP in salt wasting. (Maesaka et al, 2007, Vogel, 1963)
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ANP increases GFR, decreases renal blood flow and blood pressure and increases sodium
excretion by the increase in GFR and inhibition of sodium transport in the proximal and
distal tubule. ANP responds to changes in intravascular volume and would be lower in
volume depleted states such as RSW. (Maesaka et al, 2007) The contribution of ANP in
maintaining sodium homeostasis has not been clearly established, being considered by some
to have no role as compared to others who feel ANP does contribute to sodium balance. (de
Zeeuw et al, 1992).

The infusion of BNP into normal subjects increased GFR, decreased renal plasma flow,
increased urine flow and sodium excretion, and inhibited plasma renin without affecting
blood pressure, angiotensin II or aldosterone levels. There was evidence for inhibition of
proximal tubule and larger inhibition of distal sodium transport. (Jensen, 1998) There is
questionable relevance of these findings to RSW because A/BNP responds to changes in
intravascular volume and are, thus, lower in RSW. (Maesaka et al, 2007; Vogel, 1963) We
favor a natriuretic factor that does not have characteristics of A/BNP that is evident in
plasma and urine of patients with evidence for RSW, see below.

We infused plasma from patients with neurosurgical and Alzheimer’s diseases (AD) with
increased FEurate and normonatremia into rats, and demonstrated a significant increase in
FElithium and FENa, suggesting that a natriuretic factor(s) had a predominant effect on
proximal tubule sodium transport. (Maesaka et al, 1993, 1993) Blood pressure and GFR
remained unchanged from baseline and from controls throughout the study. Since lithium
transport follows sodium transport on a one to one basis in the proximal tubule in the
absence of nonelectrolyte solutes such as mannitol, the significant increase in FElithium
from 22.3 and 27.2% in control animals to 36.6 and 41.7% in neurosurgical and AD patients,
respectively, indicates that the same fraction of filtered sodium escaped reabsorption in the
proximal tubule. (Dorhout Mees,1990; Leyssac et al, 1990; Maesaka et al 1993, 1993) This
increase in distal delivery of sodium only increased FENa significantly from control values
of 0.3 and 0.33% to 0.59 and 0.63% in rats infused with plasma of neurosurgical and AD,
respectively, indicating that the distal tubule had actually increased distal sodium
reabsorption from control values of 22.0 and 26.87% to 36.01 and 41.07% of the filtered
sodium. (Maesaka et al, 1993, 1993) The significant increase in FENa indicated a net sodium
loss in animals infused with plasma of neurosurgical and AD. An unresolved question is
whether the increase in the distal delivery of sodium exceeded the capacity of the distal
tubule to transport sodium or whether the natriuretic factor(s) had an effect on distal
sodium transport as well. These data, nevertheless, indicate that the major site of natriuretic
activity resides in the proximal tubule and there was a net loss of sodium. In RSW the
increase in FEurate, an anion that is exclusively transported in the proximal tubule, supports
our proposal that the major site of solute transport abnormality in RSW is in the proximal
tubule and introduces the possibility that the natriuretic factor(s) might affect more than one
transporter. (Maesaka & Fishbane, 1998) Moreover, these data do not have any similarities
to the effects of A/BNP.

More recently, ammonium precipitates of urinary proteins of 5 of 6 neurosurgical patients
with increased FEurate and normonatremia inhibited transcellular 22Na transport in a dose-
dependent manner across cultured pig proximal tubule cells, LLC-PK1, in transwells, as
compared to precipitates from urine of neurosurgical patients with normal FEurate and
normonatremia, and SIADH. (Youmans & Maesaka, 2011) These data support our previous
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studies in neurosurgical and AD, who had increased FEurate with normonatremia, an
association that is highly suggestive of RSW. This conclusion is consistent with the
frequency with which RSW is seen in neurosurgical diseases, with and without
hyponatremia, see below. (Nelson et al, 1981; Sivakumar et al, 1994; Singh et al, 2002;
Wijdicks et al, 1985)

3. Controversy over the relative prevalence of RSW and SIADH

The consistent view among internists and nephrologists is that RSW is a rare entity as
compared to neurosurgeons, who consider RSW to be a common disorder. This important
controversy exists because of the difficulty with which one syndrome can be differentiated
from the other by usual clinical criteria. Because of overlapping clinical parameters such as
hyponatremia, concentrated urines with high UNa, hypouricemia, increased FEurate,
associations with intracranial diseases and normal renal, thyroid and adrenal function, there
is a diagnostic dilemma that must be resolved in order to arrive at an appropriate
therapeutic strategy for both syndromes. The only difference on first exposure with the
patient is the volume depletion in RSW and increased volume in SIADH. (Bitew et al, 2009;
Schwartz et al, 1957) Unfortunately, the clinical assessment of the volume status of non-
edematous patients has been regarded as consistently inaccurate by usual clinical criteria.
(Chung et al, 1987; Maesaka et al, 1999; Oh & Carroll; 1999; Singh et al, 2002)

We and others have encountered patients with RSW, who became symptomatic while being
water-restricted for an erroneous diagnosis of SIADH. (Gutierrez et al ,2007; Maesaka et al,
1990,2007; Wijdicks et al, 1985 ) The common teaching that RSW is a rare clinical entity
virtually eliminates its consideration when encountering patients with nonedematous
hyponatremia. Because the major diagnostic conundrum rests with the volume status of
these patients, we will review volume studies, mainly in neurosurgical patients, and offer
strategies by which we can differentiate one syndrome from the other. In our view, the
myriad of studies that have been published on cerebral/renal salt wasting, including the
original report on cerebral salt wasting, has not adequately supported the diagnosis of RSW
and have contributed to misconceptions. We will attempt to identify parameters by which
the diagnosis of RSW can be made in order of their priority. We hope this review will
provide information that will allow the reader to assess critically the merit of manuscripts
on RSW and SIADH.

4. Evolution of the controversy over the existence and prevalence of RSW

The derivation of the controversy regarding the existence and relative prevalence of RSW
and SIADH can be appreciated by a brief review of salt balance in normal subjects. Studies
in Yanomamo Indians, the “no salt society”, support the notion that we require virtually no
salt in our diet to maintain normal ECV. (Hollenberg, 1980; Oliver et al, 1975) In Yanomamo
Indians, the mean sodium excretion is 1 mmol/day, mean serum sodium 140 mmol/L,
mean urine volume 1 L/day and mean blood pressure 102/62 mmHg. (Oliver et al, 1975)
These studies suggest that we require little or no salt in our diets to maintain normal ECV.

Normal kidneys appear to have an innate sense of what is a normal ECV for that individual
and adjust to any fluctuations in sodium intake to maintain ECV within narrow limits.
(Hollenberg, 1980) The adjustments, however, are not instantaneous as sodium excretion
will exceed input for up to 5 days before reaching equilibrium after an acute reduction in
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sodium intake. (Valtin, 1997) When a normal subject is placed in negative sodium balance
by increasing urinary sodium excretion by diuretics or increased sweating, urinary sodium
excretion decreases to as low as 1 mmol/day. (McCance, 1936; Strauss et al, 1958) Sodium
excretion does not increase until the sodium losses have been replenished. (McCance, 1936;
Strauss et al, 1958) This important role of normal kidneys to conserve sodium, when in a
state of negative sodium balance is, in retrospect, the basis for the birth of the term cerebral
salt wasting syndrome in 1950. (Peters et al, 1950) Peters et al reported 3 subjects with
cerebral disease, acute encephalitis, subarachnoid hemorrhage and bulbar poliomyelitis.
They concluded unconvincingly that these patients presented evidence of salt wasting,
which was characterized by nitrogen retention, low blood pressure and correction of their
hyponatremia by large salt intake. Nitrogen retention occurs in a volume depleted patient,
referred to as prerenal azotemia, with retention of urea or nonprotein nitrogen (NPN),
approximately double the BUN. (Abuelo, 2007) This is a reasonable assumption because
urea excretion increases with any increase in urine output, even in RSW during volume
repletion. (Shannon, 1936) NPN decreased from a baseline 44 to 25 mg/dL after receiving
large amounts of salt in the first case. Only one NPN determination was reported in the
second case with SAH and none was reported in the third case with bulbar poliomyelitis.
The blood pressure in the first patient was 110/70 mmHg when the NPN was 44 mg/dL
with preceding blood pressures of 120/80 to 130/88 mmHg without testing for postural
changes in blood pressure or pulse. The second patient with SAH had one blood pressure
reading of 220/110 mmHg and none was reported for the third case. The hyponatremia in
all 3 patients did not respond to long periods of increased salt intake. The salt balance study
that lasted 39 hours revealed the patient to be in negative sodium balance after salt intake
was acutely reduced from 15 g/day to no salt intake. This delay in reaching equilibrium on
the third day after an acute reduction in salt intake was construed as salt wasting, but is
actually consistent with observations made in normal subjects. (Valtin, 1997) The negative
sodium balance for 39 hours after an acute reduction in sodium intake does not justify the
diagnosis of salt wasting. The first “dehydrated”case, however, could have had salt wasting.
McCance and Strauss et al reported that a volume depleted subjects would avidly conserve
sodium until their sodium losses were replaced. (McCance, 1936; Strauss et al, 1958) This
“dehydrated” or assumed volume depleted patient had a urine chloride of 61.6 mmol/L,
which can be explained by RSW. The inability to assess clinically the state of ECV has been
the basis for doubting the existence of RSW. The same shortcomings were repeated in
another report by the same authors on salt wasting. (Welt et al, 1952)

Four years later, Cort reported a hyponatremic patient with astrocytoma and papilledema,
who had signs of dehydration. (Cort, 1954) Sodium intake of 15 g/day for many days failed
to correct the hyponatremia. In a nine-day balance study, sodium intake was acutely
reduced to 142.5 mg/day. The patient received corticotrophin on days 4, 5 and 6,
deoxycorone on days 7, 8 and 9 and restarted on 15 mg/day salt on day 10. The patient
went into negative sodium balance of 100 mmol on the first day and 60-70 mmol/day for the
next 8 days. Sodium balance was unaffected by corticotrophin or deoxycortone. This study
was compared to a similar study by McCance, who found normal subjects to go into sodium
balance by the 5th day. (Cort, 1954) Determinations of daily chloride space revealed a 1.4 L
reduction on the first day and 690 ml on the 9th day. Resumption of 15 g/day salt intake
increased the chloride space by 1 L and her serum sodium “restored toward normal”. (Cort,
1954) The reduction in chloride space and prolonged negative sodium balance prove the
existence of RSW.
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In 1957 Schwartz et al published their seminal report on SIADH that captured the fancy of
physiologists and clinicians by reproducing the data in studies of vasopressin injections in
healthy subjects by Leaf et al to propose the inappropriate secretion of ADH without the
benefit of measuring plasma ADH levels. (Leaf et al, 1953; Schwartz et al, 1957) They proved
convincingly that a hyponatremic patient, who presents with a concentrated urine, high
UNa and increased ECV, as determined by radiosulfate measurements of ECV, must be due
to an inappropriate secretion of ADH. ADH did not respond to the usual volume or osmolar
stimuli and thus termed it inappropriate. The hyponatremia that was associated with a high
UNa of 70 mmol/L and euvolemia or hypervolemia strengthened by determination of
radiosulfate space, defined a syndrome that was not consistent with cerebral or renal salt
wasting. (Schwartz et al, 1957)

There are several characteristics of SIADH that are worth reviewing as they relate to
hyponatremia. These patients go into a period of negative sodium balance followed by an
equilibrated state when sodium intake matches output. (Janenike & Waterhouse,1961) There
is an increased blood volume as determined by sulfate space and by radioiodinated serum
albumin and 5!Cr labeled red blood cells. (Bitew et al, 2009; Schwartz et al, 1957)
The hypervolemia reduces plasma renin and aldosterone and increase plasma A/BNP.
(Bitew et al, 2009; Fichman et al, 1974) GFR increases and urine osmolality is invariably
concentrated. (Beck, 1979) Urine osmolality can, however, be dilute under circumstances of
“ADH escape”. Dilute urines have been noted after rapid infusion of saline at 2 L over a 2 hr
period and after reducing sodium intake. (Jaenike & Waterhouse, 1961; Schwartz et al, 1957)
Several possible explanations for this interesting phenomenon include a down regulation of
V2 receptor or increased urine flow rates cannot equilibrate with the hypertonic medulla.
(Hoorn et al, 2005)

An unappreciated observation is an increase in serum sodium despite high fluid intake in
SIADH. A balance study reported an increase in serum sodium from 105 to 135mmol/L
over an 8 day period, when the mean fluid intake was 2648 ml/day and mean daily sodium
intake of 315 mmol/day. The mean sodium concentration of 124.4 mmol/L in the input
fluid was higher than the mean UNa of 86.8 mmol/1 over the 8 day period. The sodium
concentration in the intake fluid exceeded UNa on every day of the study, suggesting that
serum sodium can increase even in SIADH as long as sodium concentration in the intake
fluid exceeds UNa, regardless of the intake volume. (Schwartz et al, 1957) This reasoning
can be applied to desalination when saline infusion decreases serum sodium. (Steele et
al,1997). In the first case of SIADH, serum sodium decreased from 121 to 114 mmol/L after
saline infusion when UNa was 70 mmol/L and to 103 mmol/L after hypertonic saline
before undergoing a metabolic study. It is unlikely that serum sodium decreased while
receiving saline, with a sodium concentration of 155 mmol/L, when UNa was 70 mmol/L.
This is not consistent with desalination. (Steele et al, 1997) The best explanation for this
phenomenon is an unrecorded intake of water that decreased the input sodium
concentration below UNa. (Schwartz et al, 1957)

These elegantly designed studies in the initial report of SIADH proved that a hyponatremic
patient can have high UNa without invoking RSW, largely because the volume status was
shown to be increased by credible methods of determining ECV and not by tenuous clinical
criteria as in the original report. (Peters et al, 1950) The existence of cerebral salt wasting was
appropriately questioned. Since the assessment of ECV is critical in differentiating SIADH
from RSW, it would be appropriate to review the various methods by which we assess ECV.
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5. Assessment of extracellular volume

It is generally agreed that the assessment of ECV by clinical criteria is fraught with
inaccuracies that the term “appeared dehydrated” is not acceptable for clinical and research
purposes. (Chung et al, 1987; Maesaka et al, 1999; Oh & Carroll, 1999; Singh et al, 2002) The
usual criteria of tissue turgor, axillary sweat, dry mucus membranes, neck vein distention or
even postural hypotension in a nonedematous patient have been collectively inaccurate in
assessing ECV. Even the presence of postural hypotension must consider autonomic
dysfunction as we reported in a hyponatremic patient with autonomic failure and SIADH,
proven by increased blood volume by gold standard radioisotope-dilution methods and
depressed plasma renin and aldosterone. (Bitew et al, 2009) The use of plasma renin and
aldosterone to differentiate SIADH from RSW can be helpful under ideal circumstances. In
SIADH, plasma renin and aldosterone levels should be depressed, reflecting a slightly
hypervolemic state, while in RSW, both levels should be increased, reflecting volume
depletion. Clinically, however, determinations of plasma renin and aldosterone are delayed.
Their diagnostic value is limited by a variety of exogenous factors. They include medication
like ACE inhibitors, ARBs, B-Blockers, NSAIDS, heparin, diuretics and hyperuricemia.
(Mulatero et al, 2002; Eraranta et al, 2008) A/BNP has not been used to differentiate SIADH
from RSW.

It appears that noninvasive methods to assess ECV have limited value. Invasive methods
have also been limited by various factors. A commonly used parameter is to measure central
venous pressures (CVP). CVP has a poor correlation with concomitant radioisotope dilution
measurements of blood volume and is also being discarded as a guide to fluid management.
(Marik et al, 2008) The use of bioimpedance to determine volume in different compartments
of the body is not useful as a single determination. (Schneditz, 2006)) Pulmonary wedge
pressures are limited by a failure consistently to predict ECV but also by their invasiveness.
(Godje et al, 1998)

There are two credible methods that can reliably determine ECV with greater accuracy than
methods discussed above. One is the gold standard radioisotope-dilution method, using
radioiodinated serum albumin and/or 5Cr-tagged red blood cells, and the other,
determination of total body water by deuterium and extracellular water by sodium
bromide. As will be discussed below, there are a limited number of studies using
radioisotope-dilution methods in SIADH and RSW and none using measurements of total
and extracellular water in either of these two groups of patients.

5.1 Volume studies using radioisotope-dilution and other pertinent methodologies

As reviewed above, estimates of ECV have been made by determining chloride and
thiosulfate spaces to support other criteria to establish the diagnosis of RSW and SIADH,
respectively. (Cort, 1954; Schwartz et al, 1957) The gold standard for determining blood
volume is by radioisotope dilution methods including radioiodinated serum albumin
and/or 51Cr labeled red blood cells. A study of 12 neurosurgical hyponatremic patients with
UNa ranging from 41-203 mmol/L had blood volume determined by 5!Cr tagged red cells
and radioiodinated serum albumin. Ten of the 12 patients had decreased blood volume and
2 had increased blood volume as compared to 6 control patients. (Nelson et al, 1981) The
high UNa of 41 to 203 mmol/L suggests that 83.3% had RSW and 16.7% had SIADH. Eight
patients had subarachnoid hemorrhage (SAH). In another study, plasma volume was
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determined by radioiodinated serum albumin in 21 patients on the first day of admission
within 48 hours after SAH and on the 6th day after SAH. Comparisons between the first and
second volume determination revealed blood volume to decrease in 8 of 9 hyponatremic
patients, suggesting that 88.9% had RSW and 11.1% had SIADH. UNa values were not
reported. (Wijdicks et al, 1985) Interestingly, plasma volume was decreased in 8, 66.7%, and
increased in 4, 33.3%, of 12 nonhyponatremic patients with SAH, suggesting that RSW can
occur in nonhyponatremic patients. Moreover, all 8 hyponatremic and 8 of 12
nonhyponatremic patients with decreased blood volume were in negative sodium balance.
The increased blood volume in the 4 patients with normonatremia raises the question of
whether or not STADH can occur with normonatremia. In a separate study, Water restriction
in volume depleted patients with SAH increased morbidity and mortality, probably due to
decreased perfusion of brain and extension of ischemia in an already compromised
circulation. (Wijdicks et al, 1985)

Another study used 5'Cr tagged red cells and CVP measurements in 18 hyponatremic
patients of various etiologies with UNa of 43-210 mmol/L. (Sivakumar et al, 1994)
Seventeen of 18 patients had decreased blood volumes, 18 of 18 patients had decreased CVP
and all 18 patients corrected their hyponatremia within 72 hours after initiating saline
infusion. The high UNa, decreased blood volume and correction of hyponatremia within 72
hours after initiating saline therapy argue strongly for RSW. We demonstrated a similar
correction of hyponatremia within 48 hours after initiation of saline therapy in two patients
with RSW and failure of saline therapy to correct the hyponatremia in two patients with
SIADH. (Bitew et al, 2009; Maesaka et al, 2007) The three neurosurgical studies demonstrate
by acceptable methods of determining ECV, that RSW is much more common than SIADH
in neurosurgical patients, especially SAH.

A study in neurosurgical patients determined blood volume by 5!Cr labeled red cells in 20
hyponatremic and 20 nonhyponatremic “control” patients. Patients with evidence of
“dehydration or hypovolemia” were excluded. All met criteria for SIADH. (Brimioulle et al,
2008) The exclusion of dehydrated or hypovolemic patients might have excluded patients
with RSW and meeting the criteria for SIADH would include patients with RSW. Blood
volumes were found to be comparable in the “control” and hyponatremic groups,
suggesting that the hyponatremic group was entirely SIADH. Interestingly both the
“control” and experimental groups were hypouricemic, mean serum urate 2.7 and 1.3
mg/dL and had high mean FEurate of 19% and 32% (normal 5-10%), respectively. There is
ample evidence to suggest that the high FEurate in the hyponatremic group was consistent
with both SIADH and RSW, while the nonhyponatremic group with increased FEurate
would be consistent with RSW or normal controls depending on whether the FEurate was
high or normal, respectively, figures 3, 4, table 1. (Maesaka et al, 1996, 1998, 1999, 2009)
Based on these diagnostic possibilities, this study suffers first from a protocol-based
elimination of patients with evidence of volume depletion as in RSW and failure to select the
proper “control” and hyponatremic groups.

Ten patients with acquired immune deficiency syndrome with saline-responsive postural
hypotension had CVP of 0 cm water, increased renin and aldosterone, hyponatremia,
hypouricemia, elevated FEurate and UNa >40 mmol/1, which collectively support the
diagnosis of RSW. (Cusano et al, 1990; Maesaka et al, 1990)
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5.2 Other pertinent studies

In a retrospective study of 319 patients with SAH, 179 were hyponatremic and met criteria
for SIADH and CSW. They found that 69.2% had SIADH, 6.5% CSW and 4.8% a
combination of SIADH and CSW. The volume status was determined by CVP
measurements, presence of hypotension and undefined parameters. This report suffers by
its retrospective design, paucity of data to support their diagnoses and reliance on CVP
measurements that have little value in assessing ECV. (Sherlock et al, 2006) In a similar
retrospective study that included a variety of intracranial diseases, they found 62% of
patients to have SIADH, 26.7% hypovolemic, 16.6% drug-related, 4.8% CSW, 3.7% related to
IV fluids and 2.7% a combination of CSW and SIADH. In both studies, the combination of
SIADH and CSW in 4.8% and 2.7% of patients lacked supportive data to justify such a
difficult and improbable diagnostic combination, especially in a retrospective study.
(Sherlock et al, 2006, 2009)

6. Renal salt wasting without clinical evidence of cerebral disease

To add further confusion to the dilemma of differentiating SIADH from RSW, we recently
published 2 cases of unequivocal RSW without cerebral disease. (Bitew et al, 2009; Maesaka
et al, 2007) One very instructive case was a hyponatremic patient with a hip fracture, who
was initially water-restricted for 7 days for an erroneous diagnosis of SIADH by an internist.
While being water-restricted, her Uosm was 362 mosm/kg and UNa only 6 mmol/L, which
was initially construed as being consistent with hypovolemic hyponatremia of the prerenal
type when UNa is typically low. A serum urate of 3.4 mg/dL, however, was not consistent
with prerenal azotemia and more consistent with SIADH and RSW. A volume-depleted
patient with normal kidney function would have higher serum urate with a FEurate below
3%. (Steele, 1969) Based on this reasoning, we performed a blood volume determination by
gold standard radioisotope dilution methods and started saline infusion after baseline
studies were collected. As expected the FEurate was markedly elevated at 29.6%, which was
consistent with both STADH and RSW, but a 7.1% reduction in blood volume was consistent
with RSW. Increased baseline plasma renin and aldosterone and low normal ANP strongly
supported the diagnosis of RSW. The low UNa of 6 mmol/L was attributed to a loss of
appetite and reduced salt intake while being fluid-restricted to 750 ml/day for 7 days prior
to our studies. She was feeling weak and anorectic while being fluid-restricted and felt
stronger with increased appetite approximately 18 hours after initiating saline infusion. The
baseline Uosm of 362 mosm/kg was attributed to a low medullary solute concentration
resulting from low salt intake. A Uosm of 587 mosm/kg in the first urine passed after
initiation of saline infusion supports our contention that the low salt intake decreased
medullary solute concentration and decreased concentrating ability of the kidney, figure 1.
The UNa of 6 mmol/L reflects her low sodium intake and reduction of renal medullary
solute content. Moreover, saline infusion progressively diluted the urine to a Uosm of 152
mosm/kg 13 hours after initiating saline therapy, at which time plasma ADH decreased
from a baseline of 1.9 pg/mL to indeterminate levels. The elimination of the volume
stimulus for ADH production by saline allowed the coexisting hypo-osmolality to inhibit
ADH production and induce excretion of dilute urines as serum sodium increased from a
baseline 120 to 138 mmol/L in the next 48 hours, figure 1. (Maesaka et al, 2007)
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Interestingly, the baseline FEurate of 29.6% increased further to a peak of 63% and 48% at
the time of correction of the hyponatremia at 138 mmol/L, figure 2. The effect of saline on
FEurate has been amply shown to be minimal. This persistently increased FEurate after
correction of hyponatremia is consistent with RSW and not SIADH, to be discussed later.
(Maesaka et al, 2007).
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Fig. 2. Relationship between serum urate, serum sodium and FEurate during volume
repletion with saline for 48 hours. Note that persistence of increased FEurate after correction
of hyponatremia contrasts this to SIADH. Saline has been amply shown to have a meager
effect on FEurate. (reproduced with permission from publisher)

In our view, this very instructive case followed predicted physiologic parameters for RSW
and proved unequivocally the existence of RSW by collectively demonstrating the critical
decrease in blood volume, increased plasma renin and aldosterone, low normal plasma
ANP, appropriately increased plasma ADH, which was inhibited by the combination of
volume repletion and hypo-osmolality, increased free water excretion, and timely correction
of hyponatremia. These compelling data proved that RSW can occur without evidence of
clinical cerebral disease and that a low sodium intake will be associated with a low UNa in a
patient with RSW. (Maesaka et al, 2007)

7. Emerging value of determining FEurate

Determination of serum urate in SIADH was first reported in 1971. Patients with SIADH
had hypouricemia and increased FEurate, which normalized after correction of the
hyponatremia. (Dorhout Mees et al, 1971) In 1979 Beck duplicated these findings, but
compared serum urate in SIADH with other causes of hyponatremia. Except for only one
overlapping value, there was complete separation of serum urate in SIADH from other
causes of hyponatremia. (Beck, 1979) Correcting the hyponatremia by water restriction was
accompanied by an increase in serum urate with normalization of a previously increased
FEurate, figures 3, 4. (Beck, 1979) Beck concluded that the coexistence of hyponatremia and
hypouricemia differentiated SIADH from most other causes of hyponatremia. This apparent
simple method of differentiating SIADH from other causes of hyponatremia stimulated
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others to investigate this relationship and renal urate handling. Serum urate was
consistently found to be decreased in SIADH and there was virtually no overlap or partial
overlap with other causes of hyponatremia. (Assadi & John, 1985; Passamonte 1984;
Sonnenblick et al, 1988; Sorensen et al, 1988). FEurate was similarly increased in SIADH.
(Assadi, 1985; Beck, 1979; Bitew, 2009; Decaux, 1990; Dorhout Mees ,1971; Drakakis, 2011;
Weinberger et al, 1982; Sonnenblick, 1988; Sorenson, 1988)  Several studies also
demonstrated normalization or reduction of a previously increased FEurate after correction
of hyponatremia by water restriction, figure 3, 4. (Assadi & John, 1985; Beck, 1979; Decaux et
al, 1990; DorhoutMees et al, 1971; Drakakis et al, 2011; Sonnenblick et al, 1988)
Improvements in hypouricemia and increased FEurate after correction of hyponatremia,
appear to be characteristic findings in SIADH, but the coexistence of hypouricemia and
hyponatremia has not been found as useful as FEurate, figures 3, 4.

We encountered 5 patients, in whom an increased FEurate and hypouricemia persisted after
correction of their hyponatremia by water-restriction, suggesting that these hyponatremic
patients were pathophysiologically different from SIADH. (Maesaka et al, 1990) The first
patient had metastatic pancreatic carcinoma with hypoalbuminemia, albumin 1.5 g/dL,
edema, ascites, hypouricemia (serum urate 1.1 mg/dL), increased FEurate, 34.2%,
hypophosphatemia, 1.7 mg/dL, with increased FEphosphate, 29.1%, UNa 99mmol/L and
Uosm 716 mosm/kg. His FEurate remained persistently increased at 30.0% after correction
of hyponatremia to 138 mmol/L by water-restriction. The edema, ascites and increased
FEphosphate were inconsistent with SIADH and the collective findings were consistent with
a variant of the Fanconi syndrome. The second case was a patient with bronchogenic
carcinoma with a negative CT scan of brain, who presented with serum sodium of 116
mmol/L, saline-responsive postural hypotension, Uosm 323 mosm/kg, UNa 42 mmol/L,
serum urate 2.0 mg/dL, FEurate 26.5% and normal renal, adrenal and thyroid function. A
diagnosis of SIADH was made on the basis of the report by Beck and he was water-
restricted with liberal salt supplementation, which was followed by significant weight loss,
recurrence of his postural hypotension, weakness, postural dizziness, slurred speech,
staggered gait and somnolence. His serum sodium finally corrected to 138 mmol/l, and
FEurate remained elevated at 14.7%, despite being severely volume depleted. At this time,
his Uosm was 980 mosm/kg, UNa 181 mmol/L and he remained hypouricemic, serum
urate 2.2 mg/dL. He responded well to saline therapy with reversal of all of his symptoms.
The increased FEurate and hypouricemia persisted after correction of his hyponatremia by
water restriction and salt supplementation, suggesting that a persistently elevated FEurate
and hypouricemia after correction of hyponatremia would be consistent with RSW. We
found a persistent increase in FEurate and hypouricemia after correction of hyponatremia in
three additional cases, one with bronchogenic carcinoma that had metastasized to brain,
another with disseminated Cryptococcus that involved brain and uncomplicated Hodgkins
disease with no clinical cerebral disease. All had normal renal adrenal and thyroid function.
The hyponatremia, high UNa and concentrated urine were consistent with SIADH except
for the persistent increase in FEurate. The hyponatremia, high UNa and concentrated urine
were consistent with SIADH except for the persistent increase in FEurate, which was
construed as being pathophysiologically different from SIADH and might serve to
differentiate SIADH from RSW, figure 3, 4. Moreover, the absence of clinical cerebral disease
in 3 of the 5 patients raised questions regarding the appropriateness of the term cerebral salt
wasting.
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Fig. 3. and 4. Relationship between FEurate (FEUA s ssss2s ), serum urate (SUA — . —)
and serum sodium (SNa == before and after correction of hyponatremia in SIADH
and RSW. Shaded areas represent normal ranges. (Modified from Maesaka, 1999), Figure 3.
Figure 4 is updated version with elimination of SUA, see test.

We prospectively evaluated 96 patients with AIDS. Sixteen patients had combined
hyponatremia and hypouricemia, 21 were hypouricemic, and 19 of 23 patients studied had
increased FEurate. Many had increased FEurate with normonatremia, which was consistent
with RSW and not SIADH. All hyponatremic patients had high UNa and concentrated
urines that were consistent with SIADH and RSW. Ten hyponatremic patients with saline
responsive postural hypotension, CVP of 0 cm H>O with high plasma renin and aldosterone
collectively supported a diagnosis of RSW in AIDS. (Maesaka et al, 1990, 1990)

We extended our study to neurosurgical patients with diverse etiologies because 12 of 12
hypouricemia patients with AIDS had cortical atrophy of brain by CT scan. (Maesaka et al,
1990, 1992) The high incidence of RSW in neurosurgical patients suggested that RSW in
AIDS might be due to their cerebral disease, so we prospectively studied urate metabolism
in 29 neurosurgical patients of varying etiologies and 21 age and gender-matched controls.
Seven patients were hypouricemic, 18 had FEurate > 10% and only 1 patient was
hyponatremic. (Maesaka et al, 1992) We postulated that the increase in FEurate without
hyponatremia was again consistent with RSW that was supported by the volume studies in
neurosurgical patients. These observations solidified our notion that an increased FEurate
with normonatremia may be consistent with RSW without a need to correct hyponatremia,
figures 3, 4. Moreover, an increased FEurate was associated with serum urate > 5 mg/dL,
suggesting a greater value of FEurate over serum urate. (Maesaka et al, 1992, 1998, 2009)

A study of urate metabolism focused on other cerebral diseases because patients with AD
were reported to have lower serum urate. (Kasa et al, 1989) Serum urate was lower and
FEurate higher in 18 patients with AD as compared to 6 patients with multi infarct dementia
and 11 age and gender-matched normal controls. (Maesaka et al, 1993) As in the
neurosurgical study, only one patient with AD was hyponatremic. The increased FEurate
with normonatremia suggested that demented patients with AD might have RSW and
raised the question whether or not an isolated increase in FEurate with normonatremia
without prior correction of a pre-existing hyponatremia would be consistent with RSW.
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One drawback to our proposal of determining FEurate after correction of hyponatremia to
differentiate SIADH from RSW was the unpredictability of correcting the hyponatremia. We
utilized the recommendation to treat hyponatremic patients with cerebral disease with
hypertonic saline, regardless of whether or not the patient had SIADH or RSW. (Sterns et al,
2008) We increased serum sodium to 138 mmol/L within 2-3 days with 1.5% and
determined FEurate, being aware that saline had only a modest effect on FEurate and would
not likely alter our results. (Cannon, 1970; Diamond, 1975; Maesaka & Fishbane, 1998; Steele,
1974) We corrected hyponatremia within 2-3 days in 3 patients, who met usual criteria for
SIADH, and found a previously increased FEurate to decrease to < 10% in all 3 patients.
(Drakakis et al, 2011) Normalization of FEurate after correction of hyponatremia can be
predictably achieved in 2-3 days by hypertonic saline and can be contrasted to a persistent
increase in FEurate in RSW, figures 3, 4. The rate of correction can be controlled by
monitoring serum sodium and adjusting free water intake to achieve the desired rate and
extent of the correction of hyponatremia. These studies confirmed our notion that saline has
a meager effect on FEurate by decreasing to normal levels during saline infusion. Under the
proper circumstances of adequate cardiac function, hyponatremia can be corrected with
1.5% hypertonic saline in a predictably timely fashion to differentiate SIADH from RSW,
figures 3, 4. (Drakakis et al, 2011)

7.1 Pathophysiology of increased FEurate in SIADH and RSW

The mechanisms by which FEurate increases in both SIADH and RSW are presently
unexplained. The most prominent explanation has been the volume expansion that is seen in
SIADH, but the saline infusion studies suggest that volume expansion has only a meager
effect on FEurate. (Cannon et al, 1970; Diamond et al, 1975; Steele et al, 197) The Vi ADH
receptor has been proposed as a cause for the increase in FEurate in SIADH after
demonstrating an increase in FEurate by pitressin, and eliminating the effect by a Vi-specific
receptor inhibitor. (Decaux et al, 1996) This explanation is untenable because FEurate
increased significantly at a time when normal subjects were hyponatremic during intranasal
dDAVP, which lacks Vi activity, and by normalization of FEurate with correction of
hyponatremia in SIADH when plasma ADH levels are still elevated. (Boer et al, 1987) It has
been proposed that the defect in urate transport in SIADH was a result of an inhibition of
the post secretory reabsorptive site for urate transport, based on the combination of the
assumed secretory inhibition by pyrazinamide and decrease in post secretory reabsorption
of urate by sulfapyrazone. (Weinberger et al, 1982) Studies in brush border membranes,
however, demonstrate increased uptake of urate in the presence of pyrazinamide,
suggesting that the decrease in urate excretion during pyrazinamide administration was a
result of increased reabsorption and not inhibition of secretion. (Roch-Ramel et al, 1994)
Until there is further clarification of the mechanisms and sites at which urate is transported,
we must conclude that there is increased FEurate at a time when the patient is hyponatremic
in SIADH, but the mechanism for this unique transport abnormality remains unclear. Lastly,
the proposal that the chronic hyponatremia or hypo-osmolality contributed to the increase
in FEurate in SIADH cannot be supported by the normal FEurate that has been reported in
hyponatremia due to psychogenic polydipsia and more recently, RO, to be discussed below.
(Ali et al, 2009; Decaux et al, 2000; Imbriano et al, 2011)
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The increased FEurate in RSW, like that in SIADH, is presently not understood. There is a
natriuretic factor(s) that is present in plasma and urine of patients with neurosurgical
diseases and in plasma of patients with AD. As discussed above, this factor(s) has a major
inhibitory effect on proximal tubule sodium transport. (Maesaka et al, 1993, 1993; Youmans
& Maesaka, 2011) The proximal tubule is the exclusive site of urate reabsorption and
predominant site for phosphate. It would be interesting to speculate that the natriuretic
factor might have a dose-dependent effect with different affinities for various transporters in
the proximal tubule. The circulating factor could also explain the persistent increase in
FEurate after correction of hyponatremia in RSW. Consistent with this speculation is our
patient with metastatic pancreatic cancer who had transport defects for sodium, urate and
phosphate that were interpreted as being consistent with the Fanconi syndrome. (Maesaka
et al, 1990) For the moment, however, there are few insights into mechanisms by which
FEurate increases in RSW.

7.2 Hyponatremia with normal FEurate in reset osmostat

Further appreciation of the emerging importance of determining FEurate in hyponatremic
patients comes from our study of patients with RO or type C SIADH, which accounts for
36% of patients with SIADH. (Zerbe et al, 1980) It is characterized by euvolemia with
normal renal, adrenal and thyroid function, hyponatremia resulting from ADH stimulation
at a lower plasma osmolality or a RO, having a reasonably normal diluting and
concentrating capacity of urine, and maintaining normal sodium balance without correcting
the hyponatremia. (Wall, 1993) They are typically untreated, but this approach poses a
therapeutic dilemma because of our tendency to treat most if not all hyponatremics.
(DeFronzo et al, 1976; Decaux et al, 2009; Elisaf et al, 1990; Hill et al, 1990; Kahn, 2003) We
encountered 3 patients with hyponatremia and normal FEurate, who were noted to excrete
urines with Uosm < 200 mosm/kg, that was consistent with RO. Based on these findings, we
decided to perform water-loading tests in nonedematous hyponatremic patients with
normal FEurates without a dilute urine in a randomly collected urine, regardless of UNa or
serum urate. (Imbriano, 2011) In this study of 14 patients, every nonedematous
hyponatremic patient we encountered with a FEurate of 4-10% had RO as determined by
Uosm <200 mosm/kg on a random urine collection, 8 patients, or after a normal water-
loading test, 6 patients. As is typical of RO, plasma ADH was undetectable in 4 patients
studied during the water-loading test. Eleven patients had UNa > 20 mmol/L, 8 were
hypouricemic, yet all had a normal FEurate of < 10%. Interestingly, 3 patients were on
losartan and 2 on atorvastatin, which increase urine urate excretion and lower serum urate.
(Milionis et al, 2004; Yamamoto et al, 2000) These data suggest that chronic hyponatremia
does not increase FEurate as has been proposed as a contributing factor for the increased
FEurate in SIADH. (Decaux et al 2000) Comorbid conditions were similar to those reported
in RO, including 2 patients without comorbidities. These and our other studies refine the
proposal by Beck, that the coexistence of hyponatremia and hypouricemia differentiates
SIADH from most other causes of hyponatremia, by stressing the greater value of FEurate
over serum urate. (Beck, 1979; Maesaka et al, 1998, 2009) We concluded that RO occurs
commonly, a normal FEurate in a nonedematous hyponatremic patient is highly suggestive
of RO and FEurate has greater clinical utility than serum urate. (Imbriano et al, 2011)
FEurate has a physiological basis for its derivation as compared to multiple factors that
determine serum urate, including endogenous or exogenous purine sources, endogenous
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production and excretion via gut and urine. Moreover, the arbitrary definition of
hypouricemia ranging from 1.5-4 mg/dL reflect the uncertainty of the value of serum urate
as compared to well-defined parameters that have been established for FEurate. (Beck, 1979;
Maesaka et al, 1990 e; Ramsdell & Kelley, 1973) These studies also introduce the possibility
that RO is pathophysiologically different from the more traditional SIADH by virtue of the
normal FEurate and predictability of ADH responses to plasma osmolality.

8. Change cerebral salt wasting to renal salt wasting

The 2 cases of RSW without clinical cerebral disease were the impetus to propose replacing
the designation, cerebral salt wasting, to renal salt wasting. (Bitew et al, 2009; Maesaka et al,
2007, 2009) Based on these reports, cerebral salt wasting should be considered an outmoded
and inappropriate designation; it should now be called RSW because RSW will be
considered in any hyponatremic patient with or without cerebral disease. (Maesaka et al,
2009) Although we feel that RSW might be rare in patients without clinical cerebral disease,
these cases of RSW without clinical cerebral disease support our contention that the true
prevalence of RSW cannot be viewed as rare until future studies can accurately determine
the prevalence of SIADH and RSW in patients with and without clinical evidence of cerebral
disease. This would depend on our ability to differentiate SIADH from RSW. The volume
studies indicate that RSW is much more common than SIADH in neurosurgical patients. We
hope this expanded approach to hyponatremia and RSW will eliminate the inappropriate
treatment of RSW by fluid restriction, which has been shown to increase morbidity and
mortality when misdiagnosed as SIADH. (, Gutierrez & Lin, 2009; Maesaka et al, 1990, 2007;
Wijdicks et al, 1985)

9. New approach to hyponatremia and how to differentiate SIADH from RSW

The evaluation of the patient with hyponatremia traditionally starts with an assessment of
ECV, whether or not they are euvolemic, hypovolemic or hypervolemic. While this
approach is fundamentally correct, we are again unable to assess accurately whether the
patient is euvolemic or hypovolemic, realizing that hypervolemic patients can be identified
by the presence of edema. We attempted to use UNa to support the volume approach by
dividing the hypovolemic group into two categories, those with hypovolemia and normal
kidney function, UNa < 20 mmol/L and those with rfSW, UNa > 20 mmol/L. Those with
euvolemia or mainly SIADH, UNa is usually > 20 mmol/L and hypervolemia, UNa < 20
mmol/L. The major differential is a UNa of > 20 mmol/L, which reverts back to
differentiating SIADH from RSW. Differentiating the hypovolemic patient with normal
renal function from hypervolemic hyponatremics, UNa < 20 mmol/L, is simplified by the
presence or absence of edema. (Maesaka, 1996) The interpretation of UNa is also
complicated by many factors, such as diuretics, the acutely vomiting patient with
bicarbonaturia, acute and chronic kidney diseases and low UNa in the patient with SIADH
and RSW on a low sodium diet. Limitations of UNa in the evaluation of patients with
hyponatremia have been noted by others. (Chung et al, 1987)

Determinations of plasma renin and aldosterone can under proper circumstances contribute
to differentiating SIADH from RSW. However, many factors can affect one or both values,
such as the use of diuretics, ACE inhibitors, ARB, NSAIDS, heparin or saline.(Mulatero et al,
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2002) Even under ideal circumstances the delay in obtaining these results does not assist us
on first encounter with the patient.

It is evident that the evaluation of the volume status or determining UNa has limited utility.
This dilemma persists to this day on first encounter with the nonedematous hyponatremic
patient. We developed an algorithm, which emphasizes FEurate in the evaluation of
hyponatremia, table 1. We propose with supporting data to determine FEurate in any
nonedematous patient with hyponatremia. If the FEurate is 5-10%, we should consider
psychogenic polydipsia, RO and prerenal causes, such as congestive heart failure, cirrhosis,
nephrosis and pre eclampsia, or hypovolemia with normal renal function. Psychogenic
polydipsia can be eliminated from the history of increased water intake and very dilute
urines. (Ali et al, 2009) Edematous states can be ruled out by the presence of edema. The
major obstacle might be the hypovolemic patient with normal renal function and classic
prerenal azotemia, but the low mean FEurate of 2.85%, possibly high serum urate and UNa
< 20 mmol/I might assist in differentiating this group from RO. (Steele, 1969) In patients
who do not fall into the groups mentioned, we would consider RO and search diligently for
a dilute urine in a random urine collection. In the absence of a dilute random urine, we do
not recommend performing a water-loading test to prove the diagnosis of RO. (Imbriano et
al, 2011) We would instead treat them with water restriction and salt supplementation,
however unsuccessful they are, and consider using ADH receptor inhibitors, vaptans.

If the FEurate exceeds preferably 12%, there are three possibilities to consider, SIADH, RSW,
thiazide diuretics and drugs that induce an SIADH-like picture. Thiazide diuretics and
neurotropics can be readily eliminated by a proper history so the major differential would
be SIADH and RSW. We propose to correct serum sodium either by water-restriction with
salt supplementation or 1.5% hypertonic saline and determine FEurate. (Drakakis et al, 2011)
If FEurate corrects to < 10%, we would proceed with treatment for SIADH or if it exceeds
10%, preferably >12%, we would treat the patient for RSW with saline. The question
represented as dotted lines in table 1 depends on whether the coexistence of increased
FEurate with normonatremia would be diagnostic of RSW. While there are supporting data
to suggest this to be a valid conclusion, especially in patients with neurosurgical diseases,
future studies will hopefully provide further insights into this relationship. Because
neurosurgical patients are routinely treated with hypertonic saline, an increased FEurate
with normonatremia or hypernatremia would be suggestive of RSW, see above. We have
found this algorithm to be superior to the previous approach as discussed above and expect
to make further refinements to this algorithm in the future.

10. Treatment of the hyponatremic patient with SIADH and RSW

The increasing reports of significant symptoms being attributed to even mild hyponatremia
not only shed light on a long unrecognized phenomenon, but introduce the need for some
urgency in developing adequate treatment strategies for a condition with diverse etiologies
and divergent therapeutic goals. Treatment, however, has undergone a period of
uncertainty due to adverse outcomes that are related to delays in treatment and over-
correction of chronic hyponatremia. (Berl et al, 1990) The approach to methods of correction
in different clinical conditions will be limited to SIADH and RSW and the reader is referred
to broader reviews of treating hyponatremia. (Stern et al, 2009; Verbalis et al, 2007) As
discussed earlier, foremost among the diagnostic and therapeutic dilemma is the need to
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differentiate SIADH from RSW in order to fulfill divergent therapeutic goals. It is well
known that severe hyponatremia can cause neurologic symptoms, such as irritability,
seizures and even apnea, but more subtle alterations in memory and judgment, unsteady
gait and even falls have been associated with mild hyponatremia that have responded to
treatment of their hyponatremia. (Berl et al, 2010; Decaux et al, 2006, 2009; Gankam Kengne
et al, 2008; Renneboog et al, 2006) It is, therefore, pertinent to ask whether “asymptomatic
hyponatremia exists”. (Schrier, 2010) One of the most alarming outcomes has been the
descriptions of a four-fold increase in falls that have been attributed to mild hyponatremia,
mean serum sodium 131 mmol/L, in the elderly. (Renneboog et al, 2006, Gankam Kengne et
al, 2008) There is, therefore, a movement to consider treating all hyponatremics, including
the infusion of hypertonic saline to treat hyponatremic patients with brain diseases to avoid
brain edema regardless of whether or not they have SIADH or RSW. (Sterns & Silver, 2008)

Approach to Hyponatremia

Hyponatremia Normonatremia
FEurate <10% FEurate> 10% B
| Hypertonic saline 1 ;'
Psychogenic Polydipsia Normonatremia :
ResetOsmostat :
Prerenalazotemia :
ECV depletion N
Congestive heartfailure :
Cirrhosis H
Nephrosis 4
FEurate < 10% FEurat_e> 10%
l L
SIADH RSW
HCTZ

Table 1. New approach to hyponatremia based on FEurate. Normonatremia and FEurate
without hyponatremia needs further verification, dotted line.

The standard approach to treating hyponatremia depends on the etiology of the
hyponatremia. Patients with edematous causes of hyponatremia such as heart failure,
cirrhosis or nephrosis are treated with a combination of water-restriction, low salt diet,
diuretics and the ADH inhibitors or vaptans. Vaptans are clearly indicated in edematous
states and are contraindicated in hypovolemic patients. Of the available vaptans, conivaptan
inhibits the Via and V> receptor for ADH and tolvaptan the V, receptor. Conivaptan is
administered only intravenously and inhibits CYP3A4 so its administration must consider
other agents that might be metabolized by this pathway and potentially increase blood
levels of conivaptan. (Sterns et al, 2009) Because conivaptan inhibits the V4 receptor, which
has vasopressive activity, it is not indicated for treatment of hyponatremic cirrhotics. (Sterns
et al, 2009) SIADH and RO are treated by water-restriction with salt supplementation and
hypertonic saline in patients with brain disease, but the vaptans appear to be promising for
both conditions. Vaptans have been shown to increase serum sodium successfully and
improve symptoms attributed to non hypovolemic hyponatremia, including better
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symptomatic improvement in patients with SIADH. (Berl et al, 2010; Schrier et al, 2006;
Verbalis et al, 2011) Patients should not be water-restricted while being treated with the
vaptans except under very unusual circumstances to avoid rapid correction of
hyponatremia. Serum sodium should be monitored at least within 8 hours of initiating
vaptan therapy, but we recommend repeating serum sodium determinations earlier if the
patient increases urine output soon after starting vaptan therapy. (Berl et al, 2010) The
increase in urine output suggests that ADH receptor inhibition is occurring rapidly and the
resulting increase in free water excretion would correct sodium rapidly thereafter, hence a
recommendation to determine serum sodium at this time. Over-correction of hyponatremia
can be avoided by closely matching the increased urine volume or if too rapid, by the
administration of free water and/or intranasal dDAVP.

The treatment of SIADH, including RO, traditionally starts with the treatment of the
associated clinical condition, fluid restriction to < 1000 ml/day, salt supplementation,
occasionally diuretics, demeclocyline and ADH inhibitors. The correction of hyponatremia
in SIADH by fluid restriction and/or salt supplementation has been slow and often
incomplete or unsuccessful. Treatment of RO has been generally unsuccessful to the point of
not recommending any treatment for these patients. The use of vaptans in SIADH can be
justified by their hypervolemic state, but it is uncertain whether patients with RO are
similarly volume expanded. Although an increase in volume makes intuitive sense, volume
studies have not been performed in patients with RO to justify use of vaptans . Our ability to
identify patients with RO by virtue of a normal FEurate will uncover this common cause of
hyponatremia and test the efficacy of vaptans in this therapeutically challenging group.
(Imbriano et al, 2011)

In contrast to the difficulty of treating patients with SIADH or RO, the treatment of RSW is
simple. Eliminating the appropriate volume stimulus for ADH secretion in this disorder
with saline will allow the coexisting hypo-osmolality to inhibit ADH secretion, increase free
water excretion and correct the hyponatremia. (Bitew et al, 2009; Maesaka et al, 2007) Use
of vaptans is obviously contraindicated in these volume depleted patients. While the
rationale for increasing salt and water intake in patients with RSW is obvious, we are again
confronted with our inability to differentiate SIADH from RSW with any degree of certainty.
This therapeutic dilemma has been partially resolved by the recommendation to treat
hyponatremic patients with acute neurological/neurosurgical diseases with hypertonic
saline to prevent the complications associated with brain edema of multiple causes. (Sterns
& Silver, 2008 and et al, 2009) As discussed earlier, RSW is more common than SIADH in
neurosurgical diseases and the use of hypertonic saline not only reduces brain edema but
has other advantages, such as treating their volume depletion. (Sterns & Silver, 2008)
Administration of hypertonic saline prevents hyponatremia from occurring so an increased
FEurate would be consistent with RSW. (Youmans & Maesaka, 2011). A timely correction of
an existing hyponatremia by judicious use of hypertonic saline can also differentiate SIADH
from RSW, whether FEurate normalizes or remains increased, respectively, figures 3, 4.

Hyponatremic patients outside of the neurology/neurosurgical ICU, including those with
nonedematous hyponatremia with or without cerebral disease, need to be evaluated for
etiology of their hyponatremia, as discussed above. Following the algorithm in table 1 has
been useful in our hands. Therapy will depend on the etiology of the hyponatremia. In those
with increased FEurate, the diagnostic dilemma of differentiating SIADH from RSW must
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be extended to those without clinical cerebral disease. This diagnostic and dependent
therapeutic dilemma will persist until we have a mindset to consider RSW in these patients
and develop a better diagnostic approach to solving this dilemma. Recommendations to
determine FEurate in normonatremic patients have not been resolved except to include it as
a routine measurement in any patient with acute brain disease and demented patients with
AD.

In patients with symptomatic hyponatremia such as muscular irritability, altered mental
status or seizures, the patient should be treated with hypertonic saline to increase serum
sodium by 4-6 mmol/l over 4 hours and then slowly thereafter. (Sterns & Silver, 2008)
Although it is safe to increase serum sodium to normal values in conditions such as in acute
and documented water intake, marathon runners, that cause acute hyponatremia, we
recommend gradual improvement in all patients with hyponatremia to avoid any
contributions rapid correction might add to circumstances in which osmotic demyelination
might occur irrespective of their sodium, such as in malnourished patients or those with
liver disease. (Almond et al, 2005, Sterns & Silver, 2008) We favor a conservative approach to
the correction of chronic hyponatremia by increasing serum sodium <10 mmol/1/24 hrs
with slower rates for patients with severe malnutrition and cirrhosis to avoid osmotic
demyelination.

11. Summary

The present chapter hopefully provided the following important insights and new
directions in our understanding of RSW:

1. an appreciation of the diagnostic and therapeutic dilemma that exists for SIADH and
RSW.

2. provided an objective review of how the controversy over the relative prevalence of
SIADH and RSW evolved.

3. emphasized our inability to assess accurately the state of ECV as being the root of this
enigmatic controversy and how the overlapping features of both syndromes make it
virtually impossible to differentiate SIADH from RSW on first encounter.

4. reviewed the relative merits by which we determine ECV.

5. RSW is much more common than SIADH in neurosurgical patients and RSW can occur
in the absence of hyponatremia.

6. although FEurate is increased in both SIADH and RSW, FEurate can differentiate one
syndrome from the other by reverting to normal in SIADH and being persistently
increased after correction of hyponatremia.

7. the demonstration of natriuretic activity in plasma of neurosurgical and in the plasma
and urine of Alzheimer disease patients with increased FEurate and normonatremia
introduces the possibility that an increased FEurate with normonatremia might be
diagnostic of RSW.

8. the natriuretic factor probably contributes to RSW, has its major effect in the proximal
tubule where urate is exclusively transported and is not A/BNP.

9. anormal FEurate in patients with nonedematous hyponatremia is highly suggestive of
RO and identifies a common and overlooked disorder.

10. the normal FEurate and predictability of ADH responses suggest that RO might
represent a group that is pathophysiologically different from STADH.



Complexity of Differentiating Cerebral-Renal Salt Wasting
from SIADH, Emerging Importance of Determining Fractional Urate Excretion 61

11. we provide a useful algorithm that utilizes FEurate as central to our approach to
evaluating patients with hyponatremia.

12. based on our two cases of renal salt wasting without clinical cerebral disease, we
propose eliminating the term cerebral salt wasting in favor of renal salt wasting
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1. Introduction

Acute kidney injury (AKI) is a clinical syndrome denoted by an abrupt decline in
glomerular filtration rate (GFR) sufficient to decrease the elimination of nitrogenous waste
products (urea and creatinine) and other uremic toxins (Jefferson et al, 2010). AKI is a not
very common yet serious complication occurring in pregnancy. The incidence and the
mortality rates associated with obstetric acute kidney injury (also known as pregnancy
related acute renal failure; PRARF) have decreased over the last few decades especially in
developed countries (Prakash et al, 2007; Stratta et al, 1996). There are several factors which
lead to this improvement and will be discussed later in the chapter. Since the term AKI is
now widely used in place of acute renal failure (Ricci et al, 2011); for the ease of description
we have used obstetric AKI in place of PRARF in this chapter.

Obstetric AKI can occur at any stage of pregnancy; ante-partum or post-partum and may be
AKI occurring as a coincidence during pregnancy or AKI due to causes specific to
pregnancy.

Although obstetric AKI is vanishing from developed world (Stratta et al, 1996), it is still a
frequent cause of maternal morbidity and mortality in the developing nations. Poverty, lack
of awareness and difficulties (e.g. lack of transport) accessing obstetric care all are
responsible for this additional burden (World Health Organization [WHO], 2009). This also
increases the disparity in reported number of cases and its actual occurrence contributing to
scarcity of literature even in recent time.

1.1 Definition and epidemiology of Acute Kidney Injury (AKI) and obstetric AKI

Insight into the occurrence and consequences of kidney disease has rapidly progressed.
More than 30 different definitions have been used for defining AKI in the literature, creating
much confusion and making comparisons difficult (Bellomo et al, 2001). Recently, consensus
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definitions and classification systems have been proposed for AKI. RIFLE criteria stratify
AKl into five stages (Table 1). This will eventually allow consistency across studies such that
results can be compared (Ricci et al, 2011).

System | Serum creatinine criteria | Urine output criteria
RIFLE class

Risk Serum creatinine increase to 1.5-fold OR GFR decrease | <0.5 ml/kg/h for 6 h
>25% from baseline

Injury | Serum creatinine increase to 2.0-fold OR GFR decrease | <0.5 ml/kg/hfor12h
>50% from baseline

Failure | Serum creatinine increase to 3.0-fold OR GFR decrease | Anuria for 12 h
>75% from baseline OR serum creatinine =354 pmol/1
(24 mg/dl) with an acute increase of at least 44

pmol/1 (0.5 mg/dl)
AKIN Stage
1 Serum creatinine increase >26.5 pmol/1 (20.3 mg/dl) | <0.5 ml/kg/h for 6 h

OR increase to 1.5-2.0-fold from baseline

Serum creatinine increase >2.0-3.0-fold from baseline | <0.5 ml/kg/h for 12 h

Serum creatinine increase >3.0-fold from baseline OR | <0.3 ml/kg/h for 24 h
serum creatinine 2354 pmol/l (24.0 mg/dl) with an | OR anuria for 12 h OR
acute increase of at least 44 pmol/1 (0.5 mg/dl) OR | need for RRT

need for RRT

Small but important differences are observed between the two systems. A time constraint of 48 h for
diagnosis (using either serum creatinine levels or urine output) is required in AKIN criteria. GFR decreases
are used for diagnosis only in RIFLE criteria. In both systems, only one criterion (creatinine or urine
output) has to be met to qualify for a given class or stage of AKI. Classes L and E of the RIFLE criteria are
not reported. Owing to the wide variation in indications for and timing of initiation of RRT, individuals
who receive RRT are considered to have AKIN Stage 3 AKI irrespective of their serum creatinine level and
urine output.6,15 Abbreviations: AKI, acute kidney injury; AKIN, AKI Network; GFR, glomerular filtration
rate; RIFLE, Risk, Injury Failure, Loss, End-stage renal disease; RRT, renal replacement therapy.

Table 1. Classification and staging systems for AKL

AKI is estimated to occur in as many as 4%-20% of hospital admissions (Waikar et al, 2008)
and in approximately 5-6% of critically ill patients with the period prevalence ranging from
1-25% (Uchino et al, 2005). Similarly, the period prevalence for acute renal replacement
therapy in ICU is around 4-5% (Uchino et al, 2005). Septic shock in itself attributes to 50-60%
of the cases. Hospital mortality in critically ill patients with AKI is equally higher at
approximately 60% and has been reported to range from 28-90% (Uchino et al, 2005;
Bellomo et al, 2004).

Incidence of pregnancy related AKI used to be 24-40% of all AKI in 60’s which decreased to
2-3% in 80’s (Fig 1) (Stratta, 1996). Interestingly enough, its incidence was already decreasing
in 1963 as compared to 1959 when AKI occurred in 1 in 5000 pregnancies and 1 in 1400
pregnancies respectively in developed countries (Smith et al, 1965; Knapp & Hellman, 1959).
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The incidence of obstetric AKI has further declined over last 4 decades (Prakash et al, 2010).
This improvement is due to improved availability of safe and legal abortion, more
widespread and aggressive antibiotic use decreasing the incidence of post-abortal sepsis,
and improved prenatal care. In the past, obstetric AKI used to be mostly due to post-abortal
sepsis (Gul et al, 2004). Four decade long retrospective review of pregnancy related AKI
cases was published from a centre in Italy. They reported virtual non-existence of post
abortal sepsis, while AKI from obstetric complications like amniotic fluid embolism,
extensive haemorrhage and prolonged intrauterine death etc. had decreased. AKI associated
with preeclampsia and eclampsia remained stable until 1987 however its incidence
decreased dramatically thereafter contributing towards the improved maternal mortality
rate. The decreased occurrence was more evident in developed nations (Stratta et al, 1996).
In 1995, the maternal mortality ratio in Africa was estimated to be over 1000 per 100 000
pregnancies and in Europe 28 per 100 000 pregnancies (Hill et al., 2001). In a recent review
on AKI amongst all hospital admissions, pregnancy related AKI has not been listed as one of
the causes of AKI. Authors have included critically ill patients with AKI in this review and
have reviewed around 170 published literatures (Waikar et al, 2008). It may not be an over
statement to say that these cases are declining in incidence furthermore.

PR-ARF / ARF % PR-ARF / TOTAL PREGNANCIES
40 ng— s e e 1/20000
30 ’ 115000
20! —_ ‘ 110000
4 |
10 puuee® T 1/5000
?
0 0
1960s 1970s 1980s 1990s 2000s
YEARS
® PR-ARF / ARF = PR-ARF / TOTAL PREGNANCIES

Fig. 1. Incidence of pregnancy related AKI.

However in recent reports published from developing countries; the frequency of obstetric
AKI have been reported to be varying between 4-15% (Sivakumar et al, 2011). In a single
centre study from India the incidence of AKI was reported as 1 in 56 births (Prakash et al,
2010) in contrast to 1 in 20000 births as reported from Italy (Stratta et al, Ren Fail 1996).
Similar studies from individual centre from various developing countries have been
published over the last decade emphasizing the fact that obstetric AKI is still prevalent in
the developing or poor income nations (Table 2). However due to the absence of meta-
analysis on obstetric AKI especially from these countries it is difficult to precisely estimate
its actual incidence.
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Author K . el gllzsl- Septi-c APH/ EZTampsia/ DIC Puerp eral Misc
published popn %) abortion PPH HELLP sepsis
Chughetal 1976 325 221 31 12 8 9 9 12
Prakash et 1995 426 139 45 2 4 - 5 3
al
*Prakash et 2006 190 - 130 11 33 - 16 -
al
Kilarietal 2006 41 424 4 7 10 - 12 8
Goplani et 2008 70 9.06 14 27 20 23 43 17
al
Saleem 2008 40 7.02 20 8 6 4 - 6
Najar et al
Hassan etal 2009 130 33 - 24 B 4 12 -
*Khalil etal 2009 60 - 3 22 10 1 1 4
*Khanal et 2010 50 - 3 36 14 - 16 18
al
Prakash et 2010 106  20.75 Only included patients with preeclampsia
al
**Prakash 2010 4758 178 NA 16 30 14 21 18
etal
Agidaetal 2010 46 13 Only included patients with preeclampsia
*Erdemoglu 2010 75 - 11 9 57 - - -
etal
Sivakumar 2011 59 436 28 11 18 - - 11
etal

* Study population included all pregnant women with AKI, causes listed existed together or
individually **only included patients in third trimester; NA: not applicable; this series had sepsis as
cause of AKI in 16 (18.8%) patients

Table 2. Incidence and causes of Obstetric AKI in developing countries.

1.2 Causes of AKI (Table 3)

First of all, any cause which can give rise to AKI in non-pregnant women of reproductive
age group (pre-renal, renal, and post renal or obstructive) may contribute to AKI in
pregnancy. They can be coincidental simultaneous occurrences in pregnant women. As in
any evaluation of AKI, causes not related to pregnancy must thus be considered and
excluded. Pregnancy unrelated causes of AKI represent only about 5% of all obstetric AKI
(Krane, 1988).

A second group of patients are those with underlying chronic renal disease that worsens
during pregnancy, suggesting the development of acute renal failure superimposed on their
chronic diseases. Glomerular diseases might be diagnosed for the first time in pregnancy and
AKI may occur as a result of rapidly progressive glomerulonephritis. Examples of disorders
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that may show a decline in the GFR include chronic glomerular diseases, lupus nephritis,
diabetic nephropathy, and the chronic interstitial nephritides. Discussion on renal function
during pregnancy in women with underlying renal disease is beyond the scope of this chapter.

Finally, there are causes of renal failure specific to pregnancy, which are relatively more
commonly encountered in gravid women. AKI seems to have bimodal distribution during
pregnancy in first trimester and third trimester respectively.

Acute renal Failure in During early pregnancy
* Acute or massive blood loss

-Abortion

-Ectopic

-Hyaditiform mole

*Severe dehydration

-Ac. Pyelonephritis

-Hyperemesis gravidarum

* ATN resulting from a septic abortion

ARF Late in Pregnancy/Postpartum

* Thrombotic microangiopathy

-TTP-HUS

-Severe preeclampsia usually with HELLP syndrome
*Renal Cortical Necrosis resulting from
-Placenta previa

-Prolonged intrauterine foetal death
—Amniotic fluid embolism

e Intrinsic renal disease/autoimmune diseases
* Acute pyelonephritis

-ATN from septicaemia or hypotension

-ARF from micro abscesses

* Acute fatty liver of pregnancy

Obstructive Causes

-Mild-moderate hydronephrosis is normal

-Occasionally, degree of obstruction sufficient to cause ARF
-Nephrolithiasis if solitary functioning kidney

Table 3. Causes of Acute kidney Injury in Pregnancy.

Prerenal azotemia is the most common cause of both community and hospital-acquired AKI.
It is an appropriate physiological response to renal hypo perfusion (Blantz, 1998). Similarly,
the most common cause of AKI specifically in first trimester of pregnancy is prerenal
azotemia owing to hyperemesis gravidarum or vomiting from acute pyelonephritis. In late
pregnancy volume contraction may be secondary to blood loss (Pertuiset & Grunfled, 1994).
Antepartum and postpartum haemorrhage have been reported as major causes of AKI in
pregnancy (Smith et al, 1965; Kennedy et al, 1973; Ali et al, 2004). Pregnant women who
sustained AKI receive blood transfusion frequently; this further emphasizes the frequency
of significant haemorrhage in these patients (Ali et al, 2004; Khanal et al, 2010). Uterine
bleeding secondary to abortion or septic abortions are still chief causes of obstetric AKI in
developing countries.
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Pregnancy-specific conditions such as preeclampsia, HELLP syndrome, acute fatty liver of
pregnancy (AFLP), haemolytic uremic syndrome/ thrombotic thrombocytopenic purpura
independently or in combination cause uterine bleeding ante-partum or post-partum
haemorrhage. These conditions are frequently associated with complications like abruptio-
placentae, hepatic infarction, hepatic rupture, intra-abdominal bleeding, and puerperal
sepsis all of which can be further complicated by AKI. This occurs frequently in third
trimester (Krane, 1988; Maynard et al, 2007; Prakash, 2010). Preeclampsia is a multi-system
disorder unique to human pregnancy characterised by hypertension and involvement of one
or more other organ systems and/or the foetus. American College of Obstetrics and
Gynaecology, requires blood pressures >140/90 mm Hg on two occasions combined with
urinary protein excretion >300 mg/d for the diagnosis of preeclampsia. Preeclampsia occurs
in 3-5% of pregnancies and is associated with increased maternal and fetal mortality
especially in developing countries. It is a leading cause of premature deliveries in developed
countries thus increases the neonatal morbidity (Society of Obstetric Medicine of Australia
and New Zealand [SOMANZ], 2009).

Abruptio placentae and puerperal sepsis; may also occur independent of these conditions
and can be complicated by AKI. Obstetric complications such as septic abortion and
placental abruption are associated with severe acute tubular necrosis (ATN) and bilateral
cortical necrosis. Acute cortical necrosis, usually involves bilateral renal cortex, may occur as
a consequence of irreversible or severe ATN. It has been found to be associated with poor
renal outcome in longer term. Bilateral cortical necrosis is most often a complication of
abruptio-placentae (36 per cent in the series of Chugh); while in other studies it was
associated with disseminated intravascular coagulation. It presents as acute renal failure in
other conditions too but, unlike acute tubular necrosis, total and persistent anuria is almost
constant (Kleinknecht et al, 1973; Chugh, 1976). The diagnosis can be established either by
renal biopsy or, better, by selective renal angiography. Other imaging studies (plain
radiograph, ultrasound scan, CT-scan of abdomen and nuclear renal scan) may also be
helpful. Renal cortical necrosis which occurs as a consequence of AKI in pregnancy
continues sporadically (Naqvi et al, 1996; Prakash et al, 2007). With overall decrease in the
incidence of AKI in pregnancy and improved overall management; incidence of cortical
necrosis is decreasing even in the developing countries. Whenever present it is associated
with irreversible renal failure (Khanal, 2010). Sepsis is still a major cause including septic
abortions and puerperal sepsis in several studies published from India over last decades
(Sivakumar, 2011).

Less common and miscellaneous causes of obstetric AKI include:

Obstructive uropathy; obstruction may occur in gravidas due to polyhydramnios,
incarcerated gravid uterus, or can occur even in women with otherwise uncomplicated
gestation due to retroverted uterus. Rarely, acute urinary tract obstruction in pregnancy is
induced by a kidney stone, and it seldom causes renal failure (Strothers & Lee, 1992; Scarpa
et al, 1996).

Amniotic fluid embolism which occurs primarily in multi-para after prolonged labour can
cause AKI. Those with underlying renal parenchymal disease even without advanced
chronic kidney disease are more prone to develop acute tubular necrosis (ATN) especially
due to super imposed pre-eclampsia (Pertuiset & Grunfeld, 1994). Thrombotic
thrombocytopenic purpura-haemolytic uremic syndrome (TTP-HUS) can easily be confused
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with severe preeclampsia, usually with the HELLP syndrome (haemolysis with a
microangiopathic blood smear, elevated liver enzymes, and a low platelet count) (McCrae et
al, 1992) both can cause AKI.

There are anecdotal reports on sporadic cases of acute glomerulonephritis (GN) including
post infectious GN, good-pasture’s syndrome, lymphoma, drug nephrotoxicity,
incompatible blood transfusions and endocarditis causing AKI during pregnancy (Pertuiset
& Grunfeld, 1994). Acute interstitial nephritis (from antibiotics or non-steroidal anti-
inflammatory drugs etc.) may coincidentally occur during pregnancy and result in AKI.

1.3 Changes in renal anatomy and physiology in normal pregnancy:

To understand the pathophysiology and proper management of renal problems in
pregnancy it is important that we are familiar with the anatomical and physiological
changes that occur during normal pregnancy.

1.3.1 Renal tract anatomy

The kidneys enlarge during normal pregnancy, increasing by 1 to 2 cm in length and in
volume by up to 70% towards term, due to tissue hypertrophy and expansion of both
interstitial and vascular compartments. More important from a clinical perspective is the
increase in size of the renal pelvices and ureters. By third trimester about 80% of the
pregnant women have hydronephrosis which is easily evident by ultrasound, more on the
right than on the left (Baylis & Davison , 2010; Brown et al, 2010). A number of factors are
thought to be important in this change. Progesterone, a smooth muscle relaxant, reduces
ureteric tone and peristalsis. The asymmetric dilation of the pelvicalyceal system suggests
extrinsic compression by the enlarging uterus at the pelvic brim, hypertrophy of
surrounding connective tissue (Waldeyer’s sheath) and kinking due to ligaments or
compression by iliac blood vessels (Brown et al, 2010). The clinical consequence of these
changes can be urinary stasis; increasing the risk of bacterial growth and asymptomatic
bacteriuria of pregnancy. If the changes are in extreme and precipitate the over distention
syndrome, with massive dilation they may present with symptoms like recurrent severe
flank pain, increasing serum creatinine, hypertension, or even reversible acute kidney injury
(Khanna & Nguyen, 2001). In case of presentation with over distension symptoms that
suggest renal colic but no stone detectable by ultrasound or by radiographic imaging; it is
imperative to exclude urinary tract infection and to avoid the temptation to drain the system
using nephrostomy tubes. Furthermore it is important to remember that acute renal failure
as a consequence of ureteric obstruction in pregnancy is uncommon; and that ureteric
dilation is part of normal pregnancy and it is not usually possible to distinguish between
this and pathologic dilation (Brown et al, 2010).

1.3.2 Renal physiology
1.3.2.1 Systemic haemodynamics

Detailed discussion of systemic haemodynamics of normal pregnancy is beyond the scope of
this chapter. Briefly, changes start as early as the first trimester with reduced systemic
vascular resistance, increase in cardiac output by 40-50% and resting tachycardia by 24th
week (Davison & Dunlop, 1980). There is progressive expansion of the plasma and
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extracellular fluid volume, reaching a maximum of 1.25 litres at times. The volume of the
total extracellular fluid space is determined principally by sodium and hence water
accumulation. The combination of increased cardiac output and peripheral vasodilatation
means that organ blood flow increases in pregnancy, with the most dramatic changes
occurring in the kidney and skin circulation throughout gestation and in the uterus in the
second part of the pregnancy. These changes result in a small reduction in arterial blood
pressure, typically reaching a nadir in the mid-trimester of about 10 mmHg systolic, rising
towards pre-pregnancy levels at term (Brown & Gallery, 1994). Table 4 illustrates changes in
some common indices during pregnancy.

Non-Pregnant Pregnant
Hematocrit (%) 41 33
Plasma creatinine (umol/L) <120 <90
mg/dl <13 <1
Plasma urea (mmol/L) 11.2-31 9-12
mg/dl 4-11 3.2-44
Plasma albumin (g/L) 35-45 25-35
(g/dl) 3.5-4.5 2.5-35
Plasma uric acid mg/dl (umol/L) 4 (240) 3.2 (190) early

4.3 (260) late

Plasma bicarbonate (mmol/l, meq/l) 22-28 18-20
Urinary protein excretion (mg/d) <150 <300

Table 4. Changes in some common indices during pregnancy (Modified from Source: Baylis
& Davison, 2010; Brown et al 2010).

1.3.2.2 Renal haemodynamics

There is approximately 25% increase in glomerular filtration rate (GFR) by 4 weeks. This
reaches a nadir of ~50% by mid pregnancy and is maintained until the last few weeks of
pregnancy after which it starts to decrease however still remaining above the non-pregnant
level. This leads to fall in serum creatinine (see Table 4). More pronounced is the increased
renal plasma flow and decline in filtration fraction; both return to non pregnant level
towards the term (Baylis & Davison, 2010).

In pre-eclampsia both renal plasma flow (RPF) and GFR decreases. There is salt retention
and contraction of plasma volume as compared to normal pregnancy (Brown & Gallery,
1994). Although the absolute values of RPF and GFR may remain above non-pregnant level,
this is probably the most likely mechanism of hypofiltration in this condition. The
endothelium is involved inclusive of glomerulus, causing vascular endothelial cell
dysfunction (glomerular endotheliosis) and results in swollen bloodless glomeruli and the
loss of glomerular barrier size and charge selectivities (Baylis & Davison, 2010). This pattern
is also seen in normal pregnancy and not pathognomonic of pre-eclampsia (Strevens, 2003).

1.3.3 Pathophysiology of AKI in preeclampsia/ eclampsia and other
microangiopathies

In severe pre-eclampsia/ eclampsia, renal failure is most probably due to acute tubular
necrosis (Sibai et al, 1993). ATN in these women is frequently due to haemorrhage; for
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reasons explained in previous sections. AKI may also complicate postpartum eclampsia.
HELLP syndrome (haemolysis, elevated liver enzymes and low platelet count) is a variant
of severe pre-eclampsia, which usually resolves following delivery (Weinstein, 1985) and
occurs in around 20% of the severe pre-eclampsia cases (Sibai et al, 1993). AKI may also
occur as a direct consequence of disseminated intravascular coagulation (one of the dreaded
complications in upto 20% of women with HELLP syndrome), and sepsis (Sibai et al, 1993).

Similarly, other microangiopathies like acute fatty liver of pregnancy which occurs
commonly in the third trimester and haemolytic uremic syndrome/ thrombotic
thrombocytopenic purpura occurring ante- or post-partum share several pathophysiologic
mechanisms which is difficult to differentiate and eventually may contribute to the
development of AKI (Ganesan, 2011). Acute fatty liver of pregnancy is an obstetric
emergency, which if untreated may progress to fulminant hepatic failure and proves life
threatening to both mother and foetus. Variable degree of AKI has been reported in upto
90% of women with acute fatty liver of pregnancy, which is usually reversible with the
recovery of liver failure (Hou, 2001). HUS/TTP occurs typically in the early postpartum
period but delays of several months postpartum have also been reported. Renal failure was
previously thought to be irreversible but complete and partial recovery does occur in about
30% of these cases (Beaufils, 2001).

1.3.4 Pyelonephritis, septic abortion and puerperal sepsis

Pathogenesis of sepsis-induced renal dysfunction is still poorly understood. Though it has
been demonstrated that septic AKI can occur in the setting of marked Hyperaemia and
vasodilatation; and renal ischemia is not necessary for the loss of GFR (Bellomo et al, 2008);
various inflammatory factors have also been shown to be generated following ischemia
which contributes to development of AKI and ATN (Kribben, 1999). Experimental studies
continue to report newer concepts for pathogenesis of septic AKI (Bellomo, 2011). Similar
studies in man are required to confirm these experimental findings.

Pregnant women are at greater risk of urinary tract infection due to the altered anatomy and
urinary stasis as discussed in previous sections. Untreated timely and correctly this can lead
to urosepsis. Acute pyelonephritis may occur as part of urinary tract infection and may be
severe enough to cause AKI as a result of sepsis or prerenal azotemia from vomiting.
Improved availability and better management of abortion has led to decrease in the
incidence of post-abortal sepsis especially in the developed countries (Gul et al, 2004). Sepsis
is still a major cause including septic abortions and puerperal sepsis in developing countries
(Sivakumar, 2011; Khanal, 2010).

1.4 Prevention and model of care

A total of 99% of all maternal deaths occur in developing countries, where 85% of the
population lives. More than half of these deaths occur in sub-Saharan Africa and one third
in South Asia. Globally, around 80 per cent of maternal deaths are due to obstetric
complications; mainly haemorrhage, sepsis, unsafe abortion, pre-eclampsia and eclampsia,
and prolonged or obstructed labour (United Nations Children's Fund [UNICEF], 2003;
United Nations Development Programme [UNDP], 2006). An estimated 21.6 million unsafe
abortions took place worldwide in 2008, almost all in developing countries. Numbers of
unsafe abortions have increased from 19.7 million in 2003 (Department of Reproductive
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Health and Research, WHO, 2011). Complications of unsafe abortions account for 13 per
cent of maternal deaths worldwide, and 19 per cent of maternal deaths in South America
(Ahman et al 2002; WHO, 2004). Preeclampsia is associated with poor maternal outcome
including maternal death even in developed countries (SOMANZ, 2009; Isler , 1999).

Maternal mortality ratio, by country, 2005
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Fig. 3. Causes of maternal death.
One of the many complications contributing to this burden is AKI occurring as a

consequence of these complications. It is very difficult to postulate any specific measure to
prevent the occurrence of acute kidney injury. Adequate timely management of the
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underlying condition which may be complicated by AKI is the only way to prevent it from
happening. The physiologic changes in renal system that occur with pregnancy increasing
the risk of infection are in itself non-modifiable, so is preeclampsia. Acute on chronic
deterioration of renal function can probably be prevented by selecting women who are at
lowest risk of progression of their existing kidney disease and perhaps counselling others
for contraception is the only solution. Hence development of model of care is of utmost
importance to reduce the maternal/ foetal mortality and morbidity; as has been long
recognized by WHO (WHO, 2011); which is probably made worse by poor renal outcome in
pregnant mothers. Widespread availability of improved prenatal care through midwives
and timely recognition/ referral of high risk cases have decreased the incidence of
pregnancy related AKI in developed world. An estimated 74 per cent of maternal deaths
could be averted if all women had access to the interventions for preventing or treating
pregnancy and birth complications, in particular emergency obstetric care (Barbinard &
Roberts, 2006). There is need to improve the provision of quality services in developing
countries. Factors such as poverty, gender inequalities, illiteracy, poor health systems,
political instability, cultural barriers, and lack of infrastructure (e.g. lack of transport) in
certain areas making it difficult to access the facility all contribute to increased burden
(WHO, 2011).

Measures to decrease maternal mortality also aim to reduce the consequences women face
as a result of these complications. AKI is one of them. Below are our recommendations in
keeping with the guidelines proposed by WHO and UNFPA (United Nations family
planning association) in Millennium Summit as Millennium development goal 5 (MDGS5)
which will probably help to decrease maternal mortality in developing countries:

Firstly, it is very important for the pregnant women to understand the benefits of seeking
safe abortion, utilizing antenatal follow up and when possible avoid unplanned
pregnancies. It is likely that the morbidity and mortality risk would be reduced with
adequate antenatal and delivery care (Robinson & Wharrad, 2001; de Bernis et al., 2000).
Secondly, increasing the number of health personnel in form of midwives and trained birth
attendants and making them available for these populations, frequent free health camps at
remote areas to identify the population at risk e.g. identifying women with underlying
kidney disease, and education on family planning and easy access to contraceptive
measures, increasing its availability and legalizing the abortions are beneficial. Finally,
timely intervention when needed through experts when needed for e.g. timely
administration of antibiotics for infection, adequate management of hypovolaemia,
performing caesarean section when indicated, and vigilant post partum care of these women
all are important steps to prevent complication and thus reduce maternal mortality.
Increased use of contraception has an obvious and direct effect on the maternal death rate
per 1000 women of reproductive age and on the lifetime risk of maternal death, by reducing
the number of pregnancies (Royston & Armstrong, 1989). Unsafe abortions are entirely
preventable, and yet continue to occur in almost all developing countries and in Eastern
Europe. The evidence suggests that this can be greatly reduced when (Department of
Reproductive Health and Research, WHO, 2011):

e Pregnancies can be planned through effective contraception;

e Counselling and services meet the unmet need for family planning, and appropriate
method mix of contraception is offered to all women, including both married and
unmarried women; and
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e  Safe abortion services are available and accessible.

In the meantime ill-effects of unsafe abortion should be prevented by:

e making safe abortions services available and accessible where abortion is not against
the law;

e ensuring that permitted reasons for abortion are supported by the national legislative
process and health systems;

e granting access to services for the management of complications arising from unsafe
abortion; and

e Providing post abortion counselling and offering contraceptive services, this will also
help to avoid repeat abortion.

Similarly, preeclampsia occurs in 3-5% of pregnancies and is associated with increased
maternal and foetal mortality especially in developing countries. If women with these
problems are identified in antenatal period, safe delivery can be planned before hand
(WHO, Dept. of Reproductive Health and Research, Dept. of Maternal, Newborn, Child and
Adolescent Health, Dept. of Nutrition for Health and Development, 2011). Some reports
have been published where the authors have questioned the importance of presence of
skilled birth attendance at delivery and suggested that perhaps partnership between
midwives and doctors and timely referral is more important to achieve this target (Cross et
al, 2010) of reducing maternal mortality by 2/3 in these regions. Despite efforts from
national, international and global health organizations MMR declined by only 5% from
1990-2005. To achieve this target of decline in MMR by 2/3 by 2015 will require tremendous
work in this area. Any improvement in the maternal mortality rate will eventually lead to
decrease consequences like AKI from various complications during pregnancy in
developing countries.

1.5 Management outline
1.5.1 Fluid and electrolyte balance (Maynard et al, 2010)

Timely recognition of the events and adequate replenishment of the fluid volume is essential
to prevent more dreaded complication of acute tubular necrosis (ATN). Eventually when
AKI ensues management depends on the underlying cause of renal dysfunction. To avoid/
correct hypovolaemia and ascertain fluid balance is important at every stage. Where
bleeding is the cause of hypovolaemia, measures to stop bleeding should precede all other
procedures, this may necessitate termination of pregnancy, preterm delivery of the foetus
and blood transfusion. Efforts should be made not to incite further insult by avoiding or
minimising the use of nephrotoxic agents including radio-contrast dyes and various drugs
as much as possible. If they have to be used; adjustment of the dose will be required. Equal
attention has to be paid to ensure adequate electrolyte balance. Of all potassium requires
regular monitoring. Hyperkalaemia demands urgent medical management and if persistent
may be an indication for renal replacement therapy.

1.5.2 Appropriate management of sepsis

When infection coexists; use of appropriate antibiotics empirically is justified. Ensuring the
safety of antibiotics during pregnancy is of utmost importance. Initial choice of antibiotics
may vary according to the hospital protocol and prevalence of antibiotic resistance for the
suspected organism. Antibiotic spectrum will often have to be broadened according to the
severity of infection.
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1.5.3 Management of preeclampsia/eclampsia/HELLP syndrome

Management of these syndromes is usually supportive and revolves around blood pressure
control, use of magnesium sulphate to prevent seizures and timing of delivery. There are
various guidelines proposed by different obstetric societies around the globe in regards to
management. Of interest however are the emerging concepts on its long term cardiovascular
and renal consequences (Mc Donald et al, 2008). Similarly acute fatty liver of pregnancy
(AFLP) also demands supportive care and prompt delivery. Thrombotic thrombocytopenic
purpura; which creates a diagnostic dilemma together with HELLP and AFLP is managed
using plasma exchange. Studies have shown significant improvement in maternal mortality
rates since its introduction (Martin et al, 2008).

1.5.4 Renal replacement therapy in pregnancy

When renal replacement therapy is indicated for medically not amenable acute
complications like hyperkalaemia, fluid overload, metabolic acidosis, and uremic
encephalopathy either of the modalities (haemodialysis; HD or peritoneal dialysis; PD) can
be used during pregnancy however there are no head to head trials comparing the benefit of
one over the other. However, studies do suggest that PD may interfere with utero-placental
blood flow (Bui et al, 2003).

1.6 Outcome of obstetric AKI

Attempts have been made to derive factors to predict mortality associated with AKI. In
general, AKI associated mortality seems to be variably increasing with increasing age,
greater degree of illness severity at presentation, presence of chronic kidney disease, need
for organ support in form of mechanical ventilation, hypotension or need for inotrope
support and so on (Waikar et al, 2008). Degree of change in serum creatinine and need for
dialysis as well are associated with increased mortality rates. These estimates however have
not been analysed specifically in the setting of pregnancy related AKL

Table 5 summarizes maternal mortality rates and renal outcome in pregnant women with
AKI from different studies. In our experience prolonged duration of oliguria is associated
with increased rate of dialysis dependency. Most of pregnant women with acute kidney
injury come from rural areas and did not have antenatal check up (Khanal et al, 2010;
Ahmad et al, 2001; Hassan et al, 2009). Antenatal check up not only helps in creating
awareness among the pregnant mothers to seek help from midwives, it also brings high risk
cases to notice and increases the likelihood of referral to experts on time. Sepsis including
post abortal sepsis has been found to be associated with severe consequences and poor
maternal outcome even in modern days in developing countries. This is probably from poor
handling techniques and emphasizes the importance of need to increase the number of
trained personnel like midwives to conduct delivery. Late referral to the tertiary care centres
and delays in actually reaching the centre due to lack of infrastructure all contribute to the
poor outcome. Significant and progressive improvement in mortality rates over decades is
evident in table 6. This study analysed the data on pregnancy related AKI over 37 years.
Although a progressive decline over each decade can be easily noticed, complications like
HUS were associated with adverse maternal outcome. Thus close monitoring of high risk
cases, timely recognition of complication, and institution of appropriate management
intervention on time are of utmost importance (Stratta, 1996). A review on acute renal
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failure in hypertensive pregnant women which was conducted over 12 years included 9600
women with hypertension. 31 of these women developed AKI, all were in the postpartum
period. Of these there were 2 maternal deaths and 50% of the patients from the pre-
eclamptic group required dialysis. All patients had acute tubular necrosis (ATN). In the
chronic hypertensive group with super imposed pre-eclampsia, 42% required dialysis and 3
had cortical necrosis (Sibai et al, 1990).

Author Year Study Pop Mortality Dialysis f:;:lal Iic;r:lplete
with AKI (%) dependent
recovery  recovery
Knapp 1957 23/32000 48 - - -
deliveries
Smith 1965 70 32 - - -
Chugh 1976 72 55.6 - - -
Prakash 1995 59 27 - - -
Stratta 1996 84 31 7 - -
Kilari 2006 41 24.39 - 4 21
Hassan 2009 43 16.2 6 12 18
Khalil 2009 60 15 5 6 28
Khanal 2010 50 8 25 11 14
Prakash 2010 85 20 1 5 59
Arora 2010 57 28.1 3 5 24
Erdemoglu 2010 75 10.6 33.3% (required dialysis)
Sivakumar 2011 59 23.72 - 10.16 54.23

Table 5. Renal outcome in Obstetric AKI.

Years 1958- 1967 1968- 1977 1978- 1987 1988- 1994
ARF (AKI) 60 298 535 562
PR-ARF 26(43%) 40(13.4%) 15(2.8%) 3(0.5%)

Table 6. Total Number and Main Causes of PR_ARF (obstetric AKI) Observed in 37 Years at
Department of Nephrology and Clinical Obstetrics Torino, Italy (P Stratta,1996).

Both ante partum or post partum haemorrhage can lead to pre renal azotemia. Haemorrhage
due to abruptio placentae has been found to be associated with increased risk of irreversibility
of renal function in some series due to the development of cortical necrosis (Turney et al, 1989;
Sibai et al, 1993). It is unclear why BRCN occurs more frequently during pregnancy, but this
complication has been associated with septic abortions, preeclampsia, abruptio placentae,
postpartum accidents, and haemorrhage. Bilateral renal cortical necrosis has been frequently
mentioned to be associated with irreversibility of the renal function (Turney et al, 1989).

Foetal outcome is also poor. Intra-uterine death and still birth has been reported as high as
30-70% (Ali et al, 2004; Prakash et al, 2007; Khanal et al, 2010). High incidence of foetal loss
was associated with increased incidence of dialysis dependency in mothers. This could be
owing to the increased severity of illness (Khanal et al, 2010). Perinatal mortality is
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significantly low in neonates born to pregnant mothers without AKI as compared to those
who developed AKI during pregnancy (Gul et al, 2004).

With the implementation of MDG 5 in developing countries, maternal mortality rates owing to
all of these complications will hopefully improve along with improvement in foetal outcome.

1.7 Future perspective of obstetric acute kidney injury

Evident from the history, it is certain that maternal mortality rates from complications that can
occur in pregnancy can be improved. Efforts have been put forward to increase the skilled
birth attendants to assist delivery. However difficulties associated with overall health system
and physical infrastructure, political instability and high illiteracy rates etc. creates hindrance
to smooth development and therefore difficulty in achieving goals in developing countries.

Increased incidence of preterm deliveries associated with preeclampsia and its adverse long
term renal/ cardiovascular outcome demand further research to understand the basis of the
problem.

1.8 Recommendations

American college of obstetricians and gynaecologist guidelines

Society of Obstetric Medicine of Australia and New Zealand guidelines
Royal college of obstetricians and gynaecologists guidelines

WHO Guidelines on reproductive and sexual health
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1. Introduction

Polycystic kidneys diseases (PKD) are a group of monogenic kidney disorders that lead to
cyst development in the kidneys. Polycystic kidney diseases are a common indication for
renal transplantation and dialysis and a leading cause of end-stage renal disease (ESRD).
There are two types of PKD, the autosomal dominant type called ADPKD with an
estimated prevalence rate of 1:400-1:1000 worldwide (Torres & Harris, 2009) and
autosomal recessive PKD (ARPKD) with an estimated prevalence rate of 1:10,000-1:20,000.
ADPKD is the most common form of PKD, whereas ARPKD is the most lethal form and
affects newborns. ADPKD is attributed to several mutations in one or both of the two
genes PKD1 and PKD2, whereas ARPKD is attributed to mutations in the PKHD1 gene.
The protein products of PKD1 and PKD2 are transmembrane proteins called polycystin 1
and polycystin 2 respectively, whereas the protein product of PKHDI1, also a
transmembrane protein is termed as fibrocystin. In ADPKD, the cysts arise throughout the
nephron segments, whereas in ARPKD, cysts arise from the collecting duct as fusiform
dilatations. In addition to kidney cysts, PKD patients generally also exhibit liver disease.
Abnormalities in electrolyte secretion (Yamaguchi et al., 1997), EGF and cAMP dependent
cell proliferation (Hanaoka and Guggino (2000); Richards et al.,, 1998), cell-matrix
interaction (Ramasubbu et al., 1998; Wilson et al., 1992) and planar cell polarity (Fisher et
al., 2006; Patel et al., 2008) have all been attributed to the disease mechanism of PKD.
However, the exact cause of cystogenesis is yet unknown. Following Dr. Grantham’s
seminal work showing abnormal fluid secretion in ADPKD (Grantham, 1993),
considerable progress has been done in that area (Magenheimer et al., 2006). Our
understanding of the role of cAMP in cystogenesis has led to the development of high
potency antagonists to vasopressin V2 receptors as therapeutic agents for ADPKD, which
are currently undergoing clinical trials. There has been a great interest in understanding
the role of primary cilia in PKD cystogenesis since several of the PKD associated proteins
have been reported be localized to primary cilia in addition to other locations in the
kidney epithelia (Yoder at al., 2002; Wang et al., 2007). However, the role of abnormal
extracellular matrix in cystogenesis has not been pursued rigorously. This review will
explore the current and past work that has been undertaken in this area.
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2. Early observations of ECM abnormalities in PKD

The first observations of basement membrane abnormalities in PKD were observed as
early as 1970 (Darmady et al., 1970). In 1980, Dr. Grantham and colleagues investigated 20
ADPKD cysts from five patients morphologically using electron microscope and observed
that the basement membranes of PKD cysts were highly variable in appearance (Cuppage
et al., 1980). Some were of reasonably normal thickness, whereas others were thickened or
extensively laminated. Also, they observed that nearly every cyst had an abnormal
basement membrane. In 1986, Patricia Wilson and her colleagues observed that human
PKD epithelial cells in culture exhibited an extremely abnormal basement membrane
morphology consisting of some banded collagen and numerous unique blebs or spheroids
(Wilson et al., 1986). These blebs stained with ruthenium red, suggesting a proteoglycan
component. After performing echocardiographic investigations on 160 ADPKD patients,
130 unaffected family members and 100 control subjects Hossack et al., concluded that
cardiovascular abnormalities frequently accompanied PKD and suggested that PKD may
be systemic disorder caused by abnormal extracellular matrix (Hossack et al., 1988). Using
a murine model of congenital polycystic kidney disease, Ebihara et al., observed that that
the components of the peri-cystic basement membrane appeared to diminish with time
(Ebihara et al., 1988). Using mRNA measurements, they observed that in normal kidneys,
mRNA levels for the Bl and B2 chains of laminin (currently the beta and gamma chains),
were maximal at birth, and at 1 week for the alpha 1(IV) chain of collagen IV. With all
three chains, the levels then rapidly declined. In contrast, mRNA for the collagen alpha
1(IV) chain in congenital polycystic kidneys was half normal 1 week after birth and then
increased. Laminin Bl and B2 chain mRNAs were 80% of normal at 1 week but were
maintained at that level. They concluded that there exists an abnormal regulation of
basement membrane gene expression in congenital polycystic kidney disease. In 1992,
Yashpal Kanwar and his colleagues observed altered synthesis and intracellular transport
of proteoglycans by human ADPKD cyst derived epithelia (Jin et al., 1992). In a Kidney
International article in 1993, Jim Calvet critically reviewed the question of whether the
extracellular matrix abnormality is a primary defect in PKD (Calvet, 1993). Some early
investigations suggested that tubular dilation could result from a loss of basement
membrane tensile strength or to increased elasticity and that a tubular basement
membrane was a primary defect in PKD. However, when basement membrane elasticity
was measured directly by physical viscoelastic tests, it was determined that normal and
cystic basement membranes were equally compliant. Jim Calvet also reviewed the results
from two PKD model systems namely the cpk and pcy models. Primary epithelial cultures
of cpk kidneys showed increased incorporation of 35Smethionine into collagen IV
(approximately twofold) and into laminin. In human ADPKD kidneys, there is increased
collagen IV mRNA level, particularly at end-stage. In the pcy mouse, laminin and collagen
IV mRNA levels are somewhat increased in the early stages and more significantly
elevated in the latter stages of the disease. Based on these results, it was suggested that a
change in basement membrane collagen synthesis may not be a major factor in the
initiation of cysts; the change is small and does not occur uniformly in early cyst
formation. This review suggested that changes in ECM gene expression are more
significant only at end-stage and therefore may be due to a late-stage compensatory
response of the kidney to repair its tubular morphology.
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3. Recent studies

In 2003, Joly et al., investigated nine ADPKD kidneys retrieved from patients with end-stage
renal failure and one ADPKD kidney harvested before the onset of renal failure Joly et al.,
2003). Using immunostaining, they showed that Laminin-332 and integrin 4 (a ligand of
laminin-332) are aberrantly expressed in the pericystic ECM of ADPKD kidneys.
Furthermore, using real-time PCR studies performed on the RNA extracted from primary
cultures of the cystic epithelia derived from ADPKD kidneys as well as from PKD kidney
tissues, they confirmed the abnormal expression of integrin B4 and laminin y2 in ADPKD.
The same authors presented a more rigorous study on the role of abnormal expression of
laminin-332 in ADPKD cystogenesis (Joly et al., 2006). They demonstrated that ADPKD
primary cultures synthesized and secreted laminin-332 which was then incorporated into
the ECM of cysts that developed in matrigel cultures of these cells. Their studies also
showed that addition of various amounts of laminin-332 in the 3D culture system enhanced
cyst formation, as assessed by the number of cysts per optic field at day 7, whereas addition
of laminin-332 function blocking antibody (D4B5) drastically reduced the number of cysts
formed at day 7 by 73 £ 9%. Also, they showed that in monolayers, purified laminin-332
induced ERK activation and proliferation of ADPKD cells, and function-blocking anti-
laminin y2 antibody reduced the sustained ERK activation induced by epidermal growth
factor stimulation. Using real time PCR, western blotting and immunostaining, we have
demonstrated that laminin-332, particularly laminin y2, is abnormally expressed in the PCK
rat model of ARPKD (Vijayakumar et al., 2011). The abnormal expression of laminin-332 is
not only observed in the cystic structures, but in the precystic collecting ducts also
suggesting a possible role for aberrant laminin-332 expression in PKD cystogenesis.

A definitive role of ECM in PKD cystogenesis was established by Jeff Miner and his
colleagues (Shannon et al., 1996). They generated a hypomorphic mutation in laminin a5, a
major tubular and glomerular basement membrane component that is important for
glomerulogenesis and ureteric bud branching by inserting a PGKneo cassette in an intron of
the laminin a5 (Lamab) gene. Lamabneo represents a hypomorphic allele as a result of
aberrant splicing. Lamabneo/neo mice exhibited PKD, proteinuria, and death from renal
failure by 4 wk of age, whereas the mice that totally lack Lama5 die in utero with multiple
developmental defects. At 2d of age, Lamabneo/neo mice exhibited mild proteinuria and
microscopic cystic transformation. By 2 wk, cysts were grossly apparent in cortex and
medulla, involving both nephron and collecting duct segments. Tubular basement
membranes seemed to form normally, and early cyst basement membranes showed normal
ultrastructure but developed marked thickening as cysts enlarged. Overall, Laminin alpha5
protein levels were severely reduced as a result of mRNA frameshift caused by exon
skipping. This was accompanied by aberrant accumulation of laminin-332 (laminin-5) in
some cysts.

Recently, Ian Drummond and his colleagues have shown that in zebrafish, combined
knockdown of the PKD1 paralogs pkdla and pkdlb resulted in dorsal axis curvature,
hydrocephalus, cartilage and craniofacial defects, and pronephric cyst formation at low
frequency (10-15%) (Mangos et al., 2010). Dorsal axis curvature was identical to the axis
defects observed in pkd2 knockdown embryos. Combined pkd1a/b, pkd2 knockdown showed
that these genes interact in axial morphogenesis. Dorsal axis curvature was linked to
notochord collagen overexpression and could be reversed by knockdown of col2a1 mRNA
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or chemical inhibition of collagen crosslinking. pkdla/b- and pkd2-deficient embryos
exhibited ectopic, persistent expression of multiple collagen mRNAs, suggesting a loss of
negative feedback signaling that normally limits collagen gene expression. Knockdown of
pkdla/b also dramatically sensitized embryos to low doses of collagen-crosslinking
inhibitors, implicating polycystins directly in the modulation of collagen expression or
assembly. Embryos treated with PI3 kinase inhibitors wortmannin or LY-29400 also
exhibited dysregulation of col2al expression, implicating phosphoinositide 3-kinase (PI3K)
in the negative feedback signaling pathway controlling matrix gene expression. They
suggested that pkd1a/b and pkd2 interact to regulate ECM secretion or assembly, and that
altered matrix integrity may be a primary defect underlying ADPKD tissue pathologies.

Patricia Wilson and colleagues have recently implicated the role of focal adhesions in
cystogenesis (Israeli et al., 2010). By comparing ARPKD cells, normal age matched human
fetal (HFCT) cells and HFCT cells with 85% fibrocystin-1 silencing, they observed that
fibrocystin-1-deficient cells had accelerated attachment and spreading on collagen matrix
and decreased motility. Also, the fibrocystin-1-deficient cells were associated with longer
paxillin-containing focal adhesions, more complex actin-cytoskeletal rearrangements, and
increased levels of total f1-integrin, c-Src, and paxillin.

4. ECM and PKD fibrosis

One of the features of PKD, particularly ADPKD is the high variability in the age of onset of
renal functional decline and the severity of disease progression. This variability has been
attributed to mutations in other disease modifier genes (second hit) as well as epigenetic
factors. Even if ECM abnormalities fail to be the primary PKD defect, it is almost certain that
they play an important role in disease progression by contributing to renal fibrosis.
Although there is not much known about the contribution of renal fibrosis in PKD disease
progression, a recent review by Jill Norman presents a comprehensive and convincing
argument to focus on this area of investigation (Norman, 2011). In this review, it is pointed
out that in ADPKD, expansion of cysts and loss of renal function are associated with
progressive fibrosis. Similar to the correlation between tubulointerstitial fibrosis and
progression of chronic kidney disease (CKD), in ADPKD, fibrosis has been identified as the
most significant manifestation associated with an increased rate of progression to ESRD. It is
important to note that although fibrosis in CKD has been studied extensively, little is known
about the mechanisms underlying PKD fibrosis. In this review, she concludes that the
current data indicate that fibrosis associated with ADPKD shares at least some of the
“classical” features of fibrosis in CKD (increased interstitial collagens, changes in MMPs,
overexpression of TIMP-1, over-expression of PAI-1 and increased TGFP) and points out
that there are also some unique and stage-specific features. Based on the review of current
literature, she suggests that epithelial changes appear to precede and to cause changes in the
interstitium. It is also proposed that the development of fibrosis in ADPKD is a biphasic
process with alterations in the cystic epithelia followed by changes in the interstitial
fibroblasts and that reciprocal interaction between these cell types precipitate a progressive
accumulation of ECM in the interstitial compartment. Since fibrosis is a major component of
ADPKD it follows that preventing or slowing fibrosis should retard disease progression
with obvious therapeutic benefits.
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5. Conclusion

New studies cited in this review bring back the focus on the role ECM in PKD cystogenesis
and fibrosis. Current results such as the study showing laminin alpha 5 hypomorphic
mutation leads to cystic kidneys in mice, abnormal expression of laminin-332 in cysts and
precystic tubules of PCK rat kidneys and aberrant expression of laminin-332 and integrin
beta 4 in human ADPKD tissues, all point to the possible role of abnormal ECM in PKD
cystogenesis. However it is possible that the mechanism that causes cyst formation is
something other than the primary ECM defect and that the abnormal ECM observed in PKD
aids in the progression of the disease by contributing to the mechanisms of fibrosis.
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1. Introduction

Occurring with an incidence between 1/400 - 1/1000 live births autosomal dominant
polycystic kidney disease (ADPKD) is the most common potentially lethal genetic disorder
affecting the kidney (Ecder et al., 2007). The disease results from mutation in either of two
genes PKD1, located on chromosome 16p13.3 or PKD2, located on chromosome 4q21 and is
inherited in an autosomal dominant manner (European Polycystic Kidney Disease
Consortium, 1994; Mochizuki et al., 1996). The resulting disrupted expression of the respective
encoded proteins polycystin 1(PC1) and polycystin 2(PC2) leads to development of multiple
fluid filled cysts in the kidney. As the cysts continure to grow throughout life the normal
kidney parenchyma is gradually lost and ensuing decrease of renal function occurs. ADPKD
accounts for 4-10% of end-stage renal disease (ESRD) worldwide (Freedman et al., 2000;
Konoshita et al., 1998). In 50% of cases loss of renal function, necessitating renal replacement
therapy occurs by age 60 (Gabow et al., 1992). Renal cysts are often evident on ultrasound or
magnetic resonance imaging (MRI) in children, who typically do not become symptomatic
until reaching young adulthood (Chapman et al., 2003; Fick-Brosnahan et al., 2001; Seeman et
al., 2003). While renal cysts are an invariable characteristic of ADPKD, cysts may also occur in
other organs with differing degrees of severity. Hepatic cysts are found in 75% of patients with
ADPKD by age 60, while pancreatic, arachnoid, seminal vesicle, and prostate cysts occur with
a lower frequency (Ecder et al., 2007). ADPKD is a systemic disorder with abnormalities
occuring in several organs and a significantly increased risk for cardiovascular complications
among affected patients. The reader is referred to several comprehensive reviews on the
clinical and and genetic determinants of ADPKD for more detailed description of disease
attributes (Chapin & Caplan, 2010; Ecder et al., 2007; Pei, 2011).

The process of cystogenesis involves proliferation of the epithelial cells that line the kidney
tubules. This process initially results in localized dilation of the tubule. Continued epithelial
cell proliferation and fluid secretion into the cyst results in cyst growth, until the cyst
pinches off from the tubule. While the development and growth of renal cysts is the key
feature of this disorder, the exact mechanism and identity of the factors influencing this
process remain to be determined. However, it is apparent that vascular changes including
expansion and remodeling of the existing vascular network must occur in order to support
the structural changes occurring in the ADPKD kidney. Accordingly, it is not surprising that
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cyst growth in ADPKD has been likened to growth of a benign tumor (Grantham & Calvet,
2001). Indeed, there are many similarities between tumor growth and cyst growth, both
processes being marked by increased cell proliferation, changes in apoptosis, and
angiogenesis. In this chapter we will focus on the process of angiogenesis, defined as the
growth of new blood vessels by invasion and sprouting of the existing vessels, as distinct
from embryonic vasculogenesis or de novo growth of blood vessels.

2. Angiogenesis

In order to understand the various signals and processes that define angiogenesis it is
necessary to consider the main function of blood vessels, namely the supply of oxygen and
nutrients to all the cells in the body. Much of our current knowledge of angiogenesis stems
from studies of tumor biology. The fact that the diffusion limit of oxygen is approximately
100pum indicates that all blood vessels must be located within 100-200 um of mammalian
cells to ensure viability (Torres Filho et al., 1994). Subsequent studies by Judah Folkman et
al. determined that tumor growth beyond 1-2-mm was angiogenesis dependent (Folkman,
2006). In health the endothelial cells that line the blood vessel lumen and the pericytes that
surround the outer surface of the endothelial cells are in a “quiescent “ state. This state is
maintained by a balance of “pro” and anti-angiogenic growth factors that include vascular
endothelial growth factor (VEGF), angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), and
various other chemokines and growth factors. Angiogenesis in the adult is defined by
sprout formation or by splitting of a pre-existing blood vessel (Persson & Buschmann, 2011).
The process of angiogenesis proceeds in several distinct stages and is initiated by a decrease
in partial pressure of oxygen, which is detected by oxygen sensors on the endothelial cell. In
the ADPKD kidney the growing cysts compress the renal vasculature resulting in decreased
oxygenation. Hypoxia results in stabilization of the hypoxia-inducible factor (HIF-1). The
HIF family, which in addition to HIF-1, also includes HIF-2 and HIF-3 are transcription
factors. Structurally the HIF's comprise of a heterodimer of a regulatory o subunit and a
constitutively expressed B subunit (Wang & Semenza, 1995). Angiogenesis is initiated by
binding of HIF-1 to a hypoxia response element in the promoter of an angiogenic growth
factor such as VEGF as reviewed by Hoeben et al. (Hoeben et al., 2004). In the case of new
vascular sprout formation, when an angiogenic signal is detected by a quiescent blood
vessel, the pericytes detach from the blood vessel wall and from the basement membrane.
This is mediated by metalloproteinase (MMP) induced proteolytic degradation (Persson &
Buschmann, 2011). Endothelial cells undergo several changes, loosening their cell junctions
and allowing dilation of the vessel. VEGF increases endothelial cell permeability allowing
escape of plasma proteins and formation of a provisional extracellular matrix (ECM).
Endothelial cells next migrate onto the ECM surface mediated by integrin. Degradation of
the ECM by proteases releases additional angiogenic growth factors from the ECM
providing an angiogenic gradient that mediates migration and proliferation of the
endothelial cells. One endothelial cell called a “tip cell” is instrumental in leading the
migration, ECM degradation and consequent direction of growth of the vascular sprout.
Maturation of the vessel requires return of the endothelial cells to a quiescent state, pericytes
to attach and cover the vessel and down regulation of proteases by expression of tissue
inhibitors of metalloproteinases (TIMP’s). These changes are mediated by downregulated
expression of VEGF and increased levels of Ang-1, transforming growth factor § (TGF-B),
and platelet derived growth factor (PDGF) (Chung et al., 2010).
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3. Angiogenic growth factors

In this section we will describe some of the most important angiogenic growth factors and
their respective receptors with emphasis on the role of VEGF, Ang-1, and Ang-2 in the
kidney in health and disease.

3.1 Vascular Endothelial Growth Factor (VEGF)

VEGEF is a central mediator of angiogenesis inducing endothelial cell proliferation, sprouting
and promoting vascular leakiness (Otrock et al., 2007). The VEGF family includes VEGF A,
VEGF B, VEGF C, VEGF D and placenta growth factor (PIGF) each coded by a separate gene
(Table 1).

Family Member Receptor Action
VEGF A VEGEFR-1/Flt-1 and Angiogenesis
VEGEFR-2/Flk (with lower Endothelial cell migration
affinity) Mitosis
Permeability

Chemotactic for
macrophages and

granulocytes
VEGF B VEGFR-1/Flt-1 Embryonic angiogenesis
VEGF C VEGFR-3/Flt-4 Mitosis, Migration,

Differentiation, Survival of
lymphatic endothelial cells

VEGF D VEGEFR-3/Flt-4 Lymphatic vasculature
around broniole in lung
PIGF VEGFR-1 Vasculogenesis

Angiogenesis in ischaemia,
Inflammation, Wound
healing, Cancer related
angiogenesis

Table 1. Receptor affinity and actions of VEGF family members.

The gene encoding VEGF A comprises of eight exons which by differential splicing encodes
seven transcript variants that give rise to isoforms of differing amino acid length, VEGF-
Azo(,, VEGF—A189, VEGF—A183, VEGF—A165, VEGF-A148, VEGF—A145 and VEGF—A121 respectively
(Bevan et al, 2008; Hoeben et al., 2004). A further variant VEGF-Ayyo is derived by
proteolytic cleavage. The major circulating isoform VEGF-Ajes, is also abundant in the
extracellular matrix. The VEGF polypeptides are homodimers although heteodimeric forms
of VEGF-A and PIGF have also been described (DiSalvo et al., 1995). The biological functions
of VEGF are mediated by binding to the tyrosine kinase receptors, VEGF receptor-1/fms-
like tyrosine kinase-1 (VEGFR-1/Flt1), VEGF receptor-2/fetal liver kinase-1 (VEGFR-2/Flk-
1) and VEGF receptor-3/ fms-like tyrosine kinase-4 (VEGFR-3/Flt4) (Ortega et al., 1999).
The various members of the VEGF family bind to different VEGF receptors as shown in
Table 1. VEGF-A (also referred to as VEGF) is expressed by mural cells including vascular
smooth muscle cells and pericytes. In addition, in the kidney VEGF is expressed by both
glomerular epithelial cells (podocytes) and by tubular epithelial cells (Robert et al., 2000).
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The VEGF receptors are expressed on vascular endothelial cells as well as on a range of non-
endothelial cells including monocytes and macrophages in the case of VEGFR-1 (Koch et al.,
2011). In the kidney, glomerular endothelial cells express VEGFR-1 and VEGFR-2 (Thomas
et al., 2000). Expression of VEGF is upregulated in response to hypoxia through
upregulation of HIF-1a transcription factors. In addition, VEGF activity is modulated by
binding to heparin sulfate and through interaction with the co-receptors neuopilin 1 and
neuropilin 2, although the molecular mechanisms involved at present remain unclear (Koch
et al., 2011). Both animal and human studies have shown that VEGF is essential for vascular
repair and maintenance of normal glomerular function in the kidney (Dumont et al., 1995;
Kitamoto et al., 2001; Satchell et al., 2004; Sugimoto et al., 2003). However, over expression
of VEGEF is also associated with glomerular disease, indicating that maintenance of normal
VEGEF level is essential for renal function (Veron et al., 2010). Significantly, a link between
cystogenesis and VEGF was demonstrated in an animal study showing that increased
expression of VEGF in renal tubules resulted in cyst formation (Hakroush et al., 2009).

Several recent studies have supported a role for an imbalance of angiogenic growth factor
levels in disease processes including tumor growth, diabetes, chronic kidney disease (CKD),
and cardiovascular disease (Futrakul et al., 2008; Guo et al., 2009; Persson & Buschmann,
2011; Lim et al., 2005; Nadar et al., 2004; Nadar et al., 2005). Endothelial dysfunction is a
feature of patients with ADPKD (Schrier, 2006). VEGF has been shown to play a crucial role
in preservation of the microvasculature, promoting vascular proliferation and repair in
experimental renal disease (Chade et al., 2006; Iliescu et al., 2009; Zhu et al., 2004). Increased
plasma levels of the VEGF inhibitor, soluble VEGF receptor (sFltl) were recently
demonstrated in CKD patients supporting an imbalance of the VEGF pathway in CKD (Di
Marco et al., 2009). Tubulointerstitial hypoxia and capillary rarefaction are common features
of progressive renal disease. In a study of patients with progressive or stable proteinuric
renal disease attenuated VEGF-A expression by proximal tubular cells, despite activation of
the intracellular response signalling pathway, was shown to distinguish those patients with
progressive disease (Rudnicki et al., 2009).

Patients with ADPKD are at an increased risk for development of left ventricular
hypertrophy (LVH) which is a significant risk factor for sudden death (Chapman et al,,
1997). Increased plasma VEGF levels have been demonstrated in patients with target organ
damage, defined as stroke, previous myocardial infarction, angina, LVH, and mild renal
failure (Nadar et al., 2005). Mice expressing a vegf b transgene develop cardiac hypertrophy,
further indicating that VEGF may also play a potential role in cardiac pathology associated
with ADPKD (Karpanen et al., 2008).

3.2 Angiopoietins

The members of the angiopoietin family including Ang-1, Ang-2 and Ang-4 together with
their soluble Tie-2 (tyrosine kinase with immunoglobulin-like and EGF-like domains 2)
receptor are endothelial cell regulators with a role in the remodeling/maturation phases of
angiogenesis. In addition to expression in endothelial and vascular smooth muscle cells
Angl, Ang2 and Ang-4 are also expressed in kidney (Fiedler and Augustin, 2006;
Yamakawa et al., 2004; Yuan et al., 1999). Ang-1 is a Tie-2 agonist while Ang-2 in the absence
of VEGEF inhibits Ang-1/Tie-2 signaling as reviewed by Fiedler et al. (Fiedler and Augustin,
2006). Conversely, under conditions of adequate VEGF, or under hypoxic conditions as may
exist in and around the growing renal cysts, Ang-2 stimulates angiogenesis (Lobov et al.,
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2002). The activity of Ang-4 is similar to Ang-1 as it is a Tie-2 agonist and is expressed in
human kidney proximal tubule epithelial cells. Activation of Tie-2 results in a downstream
activation of P13K-Akt in endothelial cells leading to a survival pathway and cell
chemotaxis (Makinde and Agarwal, 2008).

The plasma level of Ang-2 is elevated in patients with diabetes and is associated with
indices of endothelial damage and dysfunction (Lim et al., 2005). Likewise, abnormal levels
of serum Ang-1 and Ang-2 in hypertension have been linked with target organ damage
(Nadar et al., 2005), thus indicating a potential role for angiopoietins in exacerbation of the
extrarenal complications associated with ADPKD including left ventricular hypertrophy
(LVH). LVH is a major risk factor for cardiac arrhythmias, sudden death, heart failure and
ischemic disease in ADPKD (Schrier, 2006). Prevention of LVH in ADPKD is consequently a
key factor in patient management. The expression of Ang-1, Ang-2 and Ang-4 in different
tissues including human kidney proximal tubule cells is regulated by various factors
including hypoxia, VEGF, angiotensin II and estrogen (Ardelt et al., 2005; Kitayama et al.,
2006, Yamakawa et al., 2004).

4. Similarities between tumor growth and cyst growth in ADPKD

The polycystin proteins PC1 and PC2 have been likened to tumor suppressors associated with
many types of neoplasia (Grantham, 2001). Thus, when polycystin function is impaired as in
ADPKD, cells revert to a more de-differentiated state marked by high proliferative capacity
(Song et al., 2009). It has been recognized for many years that angiogenesis is necessary to
support tumor growth (Folkman, 1971). Moreover, many non-neoplastic diseases including
macular degeneration, arthritis and endometriosis are angiogenesis dependent (Folkman,
2006). Thus a facilitative role for angiogenesis in ADPKD cyst growth is suggested. Tumor cell
expression of angiogenic growth factors including VEGF is mediated by hypoxia (Pugh and
Ratcliffe, 2003). Central to the hypoxia response pathway are HIF-1 and 2. HIF-1a is targeted
for destruction via the ubiquitin pathway regulated by Von Hippel Lindau (VHL) protein.
Inactivation of VHL results in an increase of HIF-lo. and VEGF level (Na et al., 2003). In
progressive renal disease human proximal tubular epithelial cells demonstrate activation of
intracellular hypoxia response pathways and VEGEF signaling despite attenuated expression of
VEGF-A (Rudnicki et al., 2009). Growth of renal cysts results in compression of the
surrounding blood vessels. Significantly, an up-regulation of hypoxia-angiogenic pathways
has been reported based on a systems biology approach in ADPKD (Song et al., 2009). A
further key mediator of angiogenesis is the tumor suppressor gene phosphatase and tension
homolog deleted on chromosome 10 (PTEN) which is frequently deficient or inactivated in
human cancers (Mirohammadsadegh et al., 2006; Ohgaki & Kleihues, 2007; Tam et al., 2007).
Activation of mammalian target of rapamycin (mTOR) is a feature of ADPKD and this
pathway is regulated by PTEN (Boletta, 2009; Rosner et al., 2008; Shillingford et al., 2006). Thus
the literature supports similarities between tumorigenesis and ADPKD and underscores a
potential role for angiogenesis in ADPKD cyst growth.

5. Evidence for angiogenesis in ADPKD kidneys

Abnormalities of the renal vasculature in polycystic kidneys have long been recognized
based on early angiographic studies of the kidney (Cornell, 1970, Ettinger et al., 1969) Bello-
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Reuss et al. presented evidence of angiogenesis in human ADPKD kidneys based on
angiographic studies (Bello-Reuss et al., 2001). These studies illustrated development of a
well-defined vascular capsule around human renal cysts in ADPKD. Many morphological
malformations were shown in the cyst wall vessels including presence of spiral, tortuous,
and dilated vessels. This aberrant morphology is also typical in tumors further illustrating
similarities between ADPKD cyst growth and growth of a benign tumor. A later study by
the same group using corrosion cast studies of human ADPKD kidneys confirmed the
occurrence of angiogenesis (Wei et al., 2006). This study also reported loss of the normal
kidney vascular architecture in addition to evidence of microvascular regression. The
pathological changes related to angiogenesis in ADPKD may also result in increased
vascular permeability thus facilitating fluid secretion into cysts (Wei et al., 2006).

6. Angiogenic growth factors in ADPKD kidneys

Angiogenesis is mediated by a shift in the balance towards expression of pro-angiogenic
growth factors with concomitant decrease in anti-angiogenic factors. VEGF expression by
renal cystic tubular epithelial cells and VEGFR-2 expression in endothelial cells in the small
capillaries surrounding the cysts was demonstrated by Bello-Reuss et al. (Bello-Reuss et al.,
2001). This contrasts with normal adult kidney where only weak expression of VEGF and
VEGEFR-2 are present in the collecting duct and surrounding capillaries (Simon et al., 1995).
The demonstration of MMP-2 and integrin o,f3 on the endothelial surface of blood vessels
in ADPKD kidneys by the same authors further affirms the presence of components
necessary for angiogensis in ADPKD kidneys. Subsequent studies in a rat model of
polycystic kidney disease demonstrated increased expression of VEGF in the kidneys and
sera of the cystic animals compared to control animals (Tao et al., 2007). Similarly, increased
expression of both VEGF receptors, VEGFR1 and VEGFR2 was demonstrated in renal
tubular epithelial cells in the polycystic kidneys of these animals. We have also
demonstrated expression of Ang-2 and the Tie-2 receptor by cyst lining epithelial cells of
human polycystic kidneys as illustrated in Figure 1 (unpublished data).

Fig. 1. Expression of Ang-2 (A) and Tie-2 (B) by ADPKD cyst lining cells. Arrows indicate
cyst lining cells with Ang-2 staining shown by lighter shading in A and Tie-2 staining by
lighter speckled shading in B.

These observations suggest a mechanism whereby secretion of pro-angiogenic growth
factors by the cyst lining epithelial cells may result in stimulated growth of the blood vessels
surrounding the cysts thus facilitating cyst growth as illustrated in Figure 2.
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Fig. 2. Release of angiogenic growth factors by cyst lining and other cells in response to
hypoxic stimulus stimulates angiogenesis.

However, the nature of renal injury in ADPKD is complex, apoptosis and loss of endothelium
occurs which correlates with the severity of glomerular sclerosis and interstitial fibrosis (Wei et
al., 2006). Thus both indication of angiogenesis and destabilization of the existing vasculature
are apparent in ADPKD kidneys. This is supported by demonstration that changes in renal
blood flow parallel increase in total kidney volume and precede decline in renal function
measured by change in glomerular filtration rate (GFR) in ADPKD (Torres et al., 2007).

7. Angiogenic growth factors in ADPKD liver

Expression of angiogenic growth factors have also been demonstrated in cystic liver from
human ADPKD patients and also in animal models of PKD.Upregulated expression of Ang-
1, Ang-2 and their Tie-2 receptor has been demonstrated in the cholangiocytes that line
hepatic cysts in ADPKD, supporting a role for angiogenic growth factors in liver
cystogenesis (Fabris et al., 2006). Moreover, cyst fluid from hepatic cysts has been shown to
contain VEGF (Amura et al., 2008; Nichols et al., 2004,). In a subsequent animal study factors
secreted by liver cyst epithelia were shown to promote endothelial cell proliferation and
development (Brodsky et al., 2009).

8. Serum levels of angiogenic growth factors are increased in ADPKD

We have previously reported that serum levels of VEGF and Ang-2 are elevated in children
and young adults with ADPKD compared to age, sex, and renal function matched young
subjects with diabetes as shown in Table 2 (Reed et al., 2011). In these children and young
adults renal function was normal, mean eGFR 128 ml/min/1.73m2. The level of VEGF
detected in renal cyst fluid was comparable to the mean serum level. The plasma levels of the
soluble VEGF receptor (sFlt1), an antagonist of VEGF, rise progressively with declining renal
function in patients with CKD (Di Marco et al., 2009). The same study demonstrated an
association between plasma sFltl level and endothelial dysfunction. In our own study we
found that serum levels of sFlt1 ranged between <13-320 pg/ml in ADPKD patients, however
normal healthy serum values were not available for comparison (unpublished data) (Table 2).
It is important to note that both the circulating level of VEGF and level of the VEGF antagonist
sFltl may play a role in implenting disease progression in ADPKD.
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VEGF Meanz SD or range (N)

Adult ADPKD patients (serum) 5910 £ 6188 pg/ml (N=46)

Children and young adults with ADPKD (serum) |2997 + 5326 pg/ml (N=71)

Healthy adults (A) (serum) 249 + 46 pg/ml (A) (Saito et al.,2009)

Healthy children (C) (serum) 306 + 39 pg/ml (C) (Heshmat & El
Kerdany, 2007)

Urine adults with ADPKD 82.7-277.2 pg/ml (N =8)
183.9 - 469.2 ng/24h (N=8)

Renal cyst fluid 5940 £ 6757 pg/ml (N=5)

Soluble VEGF Receptor 1 (sFlt1)

Adult ADPKD patients (serum) 93.8 £ 63 pg/ml (N =38)

Adult ADPKD patients (urine) Not detected

Angiopoietin 1

Adult ADPKD patients (serum) 37.54 +19.54 ng/ml (N=85)

Children and young adults with ADPKD (serum) |35.53 + 21.03 ng/ml (N=71)

Healthy adults (A) (serum) 39.0 £ 9.9 ng/ml (A) (Park et al., 2009)

Healthy children (C) (serum) 64.4 (23.5-101 ng/ml) (C) (Lovegrove et
al., 2009)

Renal cyst fluid None detected

Angiopoietin 2

Adult ADPKD patients (serum) 3002 £ 1379 pg/ml (N=85)

Children and young adults with ADPKD (serum) |2352 + 962 pg/ml (N=71)

Healthy adults (A) (serum) 1270 £ 494 pg/ml (A) (Park et al., 2007)

Healthy children (C) (serum) 68 (68-1330 pg/ml) (C) (Lovegrove et
al., 2009)

Renal cyst fluid 1657 £ 1035 pg/ml (N=5)

Table 2. Mean serum, urine or cyst fluid levels of angiogenic growth factors.

Several recent studies have supported a role for an imbalance of angiogenic growth factor
levels in disease processes including tumor growth, diabetes, CKD and cardiovascular
disease (Augustin et al. 2009; David et al., 2009; Lim et al., 2005; Nadar et al., 2004; Nadar et
al., 2005). Endothelial dysfunction is a common feature of patients with CKD and VEGF has
been shown to play a crucial role in preservation of the microvasculature promoting
vascular proliferation and repair in experimental renal disease (Chade et al., 2006; Iliescu et
al., 2009; Zhu et al., 2004). The plasma level of Ang-2 is elevated in patients with diabetes
and is associated with indices of endothelial damage and dysfunction (Lim et al., 2005).
Likewise, abnormal levels of serum Ang-1 and Ang-2 in hypertension have been linked with
target organ damage (Nadar et al., 2005), thus indicating a potential role for angiopoietins in
exacerbation of the extrarenal complications of ADPKD, including LVH.

As the growing cysts in ADPKD kidneys result in compression of the vasculature with
attendant ischaemia (Ecder et al., 2007) these conditions are conducive for upregulated
angiopoietin expression. Furthermore, kidney expression of Ang-1 and Ang- 2 is known to
be upregulated by angiotensin II in addition to hypoxia (Kitayama et al., 2006., Yamakawa
et al., 2004). Thus, as activation of the renin-angiotensin-aldosterone system (RAAS) occurs
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early in ADPKD, this may increase angiopoietin production with further injurious effects on
the kidney vasculature and cyst growth.

Early Disease Late Disease

Loss of normal

Anei .
[ Anglogenic parenchyma

growth factors

Growth factor
imbalance

!
Microvascular
injury

1
Fibrosis,
inflammation,
glomerulosclerosis

1 Angiogenesis
around cyst

1 Cyst growth

Fig. 3. Potential Role of Angiogenic Growth Factor in Renal Injury in ADPKD.

9. Serum levels of angiogenic growth factors correlate with renal and cardiac
disease severity in ADPKD

Further evidence to support a role of angiogenic growth factors in the complications of
ADPKD stems from our study in children and young adults (Reed et al., 2011).
Measurement of VEGF, Ang-1 and Ang-2 in 71 children and young adults with ADPKD
demonstrated strong correlations between logio VEGF and both logi total kidney volume
and eGFR. (Table 3). In adult ADPKD patients no relationship between log1o0VEGF and total
renal volume was found (N= 33). However, in adults there was a significant negative
relationship between serum Ang-2 levels and eGFR (N = 85, p = 0. 04) that was not found in
children and young adults. This indicates that VEGF may play a more significant role early
in ADPKD, while Ang-2 may play a role in the progression of renal injury later in disease.

Children Adults
IndependentVariable B | SE | P B | SE | P
Dependent Variable
Logio Total Renal Volume
Logio VEGF 0.0511 0.0183 | 0.0073 NS
Ang-1 0.0029 0.0014 | 0.0448 | -0.00001 | 0.00001 NS
Ang-2 NS NS
eGFR
Logi0 VEGF -0.0229 | 0.0080 | 0.0055 | -0.0583 0.0307 0.06
Ang-1 -0.0010 | 0.0006 | 0.1058 NS
Ang-2 NS -0.1380 0.0657 0.03

Table 3. Relationship of VEGF, Ang-1 and Ang-2 with renal structure and function.
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We have demonstrated significant positive correlations between LVMI and Ang-1 and
VEGF in young subjects with ADPKD as shown in table 4 (Reed, et al., 2011). The
relationship between LVMI and serum VEGF was apparent even in the absence of overt
hypertension. This is of particular relevance as patients with ADPKD are at an increased
risk for left ventricular hypertrophy (LVH) (Chapman et al., 1997). Similarly, in 33 adults a
near significant relationship between LVMI and Ang-1 was observed. No relationship
between VEGF and LVM was apparent in adults. However, there was a significant
relationship between Logio Ang-1/Ang-2 and LVM. As Ang-2 has been reported to be both
pro-angiogenic or promote vascular regression dependent upon the presence or absence of
VEGF (Holash et al., 1999; Lobov et al., 2002) assessment of the Ang-1/Ang-2 ratio may be
biologically relevant. Thus, angiogenic growth factor levels may help identify children at
risk for cardiovascular complications. This is important because cardiac MRI and/or
echocardiography are not routinely performed on young patients with ADPKD.

Children Adults
Independent B SE P B SE P
Variable
Dependent Variable
LVM

Logio VEGF 0.0409 | 0.0078 <0.0001 NS
Ang-1 0.0014 | 0.0007 0.04 0.0004 0.0002 0.06
Logio Ang-1/Ang-2 NS 12.2718 5.4447 0.03

Table 4. Relationship between VEGF, Angl and Ang-1/Ang-2 with Cardiac Structure.

10. Potential benefit of anti-angiogenic therapy in ADPKD

VEGF receptor inhibition by SU-5416 has been shown to significantly reduce liver cyst
burden in pkd2(WS25/-)mice (Amura et al., 2007). Likewise, studies in the cy/+ rat model
of polycystic kidney disease demonstrated that treatment with ribozymes to block VEGFR-1
and VEGFR-2 mRNA expression resulted in decreased cyst burden in the kidney (Tao et al.,
2007). Metalloproteinase inhibition by batimastat in the cy/+ rat model has also been shown
to significantly reduce kidney weight and cyst number in treated animals compared to
untreated animals (Obermuller et al., 2001).

Several inhibitors that either target VEGF directly such as bevacizumab or those such as
sorafenib and sunitinib that target receptor tyrosine kinases including VEGFR's and platelet
derived growth factor receptors have shown some success in cancer therapy. Indicating that
these drugs may have a potential role in ADPKD therapy. However, there are several side
effects associated with both of these drug classes including but not limited to hemorrhage,
decreased wound healing and hypertension. Side effects are a significant consideration in
relation to ADPKD therapy where drug use must potentially be continued for life. While
most anti-angiogenic drugs are targeted towards cancer therapy, bosutinib a receptor
tyrosine kinase inhibitor targeting the Src/Abl kinases which also reduces VEGF activity is
currently in phase II clinical trial for ADPKD (NCT01233869).

In terms of other anti-angiogenic targets, there are several ongoing cancer clinical trials with
Ang-1 or Ang-2 inhibitors. Depending on the outcome of these ongoinig trials these drugs
may hold some promise for future ADPKD therapy. It is also relevant that there are many
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naturally occurring inhibitors of angiogenesis including angiostatin, endostatin, vasostatin,
TIMPs, thrombospondins, tumstatin, prolactin (inhibits both basic fibroblast growth factor
and VEGF), vasohibin-1 and sFltl which may also have benefit in ADPKD. The therapeutic
effects of several endogenous angiogenesis inhibitors including angiostatin, endostatin,
tumstatin, vasohibin-1, and the synthetic derivative of bacterial cytogenin, 1-(8-hydroxy-6-
methoxy-1-oxo-1H-2-benzopyran-3-yl) proprionic acid (NM-3) have been examined in
animal models of diabetic nephropathy as reviewed by Maeshima and Makino (Maeshima
& Makino, 2010). These angiogenesis inhibitors have been shown to reduce renal
hypertrophy/hyperfiltration and reduce albuminuria when administered during the early
stages of disease (Zhang et al., 2006, Ichinose et al., 2005, Yamamoto et al., 2004, Nasu et al.,
2009, Ichinose et al., 2006). However, no human studies have been performed to date. In
animal models of non-diabetic renal disease angiostatin treatment has resulted in both
beneficial anti-inflammatory effects while the anti-angiogenic reduction in peritubular
capillaries may worsen tubular hypoxia (Mu et al.,, 2009). Thus, with progressive renal
diseases including ADPKD angiogenic growth factors may both promote renal injury or
protect from hypoxia by maintenance of the peritubular capillaries. While in the early stages
of ADPKD therapeutic restoration of normal angiogenic factor balance may be more
beneficial, later disease stages may need a different approach to ameliorate increasing renal
hypoxia. However, further research is necessary to explore the potential disparate roles of
angiogenic growth factors in progression of ADPKD.

11. Conclusion

In this chapter we have presented evidence that angiogenesis may be an important factor in
the pathogenesis of ADPKD. We have highlighted the similarities between cyst growth and
growth of a benign tumour. Significantly, as has been demonstrated in other disease
conditions circulating angiogenic growth factor levels are abnormally elevated even early in
ADPKD and may indicate the severity of underlying renal and cardiac disease. Lastly, the
benefits of anti-angiogenic therapies which target restoration of angiogenic growth factor
balance remain to be determined in ADPKD but may hold future therapeutic promise.
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1. Introduction

Hypertension (HT) and cardiovascular disease (CVD) are common in dialysis-dependent
chronic kidney disease (DD-CKD) patients. The renin-angiotensin-aldosterone system
(RAAS) plays pivotal roles in the pathogenesis of HT in DD-CKD patients. Activated
RAAS also increases inflammatory mediators, which was shown to be an independent
predictor of CVD in DD-CKD patients. Recent meta-analyses suggested that
antihypertensive pharmacotherapy may reduce CVD in DD-CKD patients. This review
focuses on the physiological roles and blockade effects of RAAS for HT and CVD in DD-
CKD patients.

2. The physiological roles of RAAS in DD-CKD patients

The role of RAAS in hypertensive DD-CKD patients was confirmed by the normalization
of blood pressure (BP) upon administration of an angiotensin antagonist, saralasin.
Normally, volume overload and elevation of BP result in suppression of RAAS
production. Since this feedback is often incomplete in CKD patients, CKD patients often
show HT and high or normal RAAS. Weidmann et al. reported that the renin levels of
hypertensive hemodialysis-dependent CKD (HDD-CKD) patients were approximately
twice as high as those of normal subjects. Parenchymal renal injury and renovascular
disease may cause increased renin secretion in end-stage CKD. The prevalence of renal
artery stenosis may be as high as 40% in patients starting HD, although the diagnosis was
determined in only one-quarter of such a group before entering a dialysis program.
Kimura et al. reported that plasma rennin activity (PRA) increased from 2.3+0.5 ng/ml/hr
at just before initiation of HD to 6.5+1.3 ng/ml/hr over an 8- to 10-year period in HDD-
CKD patients. These data suggested that renin secretion continued even after disuse
atrophy of kidney with almost complete deterioration of its excretory function.

Activated RAAS increased inflammatory mediators, which is an independent risk factor for
CVD. The mechanism is thought to be as follows. Activated RAAS directly increases pro-
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inflammatory gene expression and activates oxidative stress, leading to progressive
inflammation of the vascular endothelium. In addition, among RAAS, mainly angiotensin II
(AT II) stimulates vascular reactive oxygen species (ROS) production from sources such as
NADPH oxidase and uncoupled endothelial nitric oxide (NO) synthesis. Increased ROS
down-regulates NO activity that leads to endothelial dysfunction. AT II also directly
increases pro-inflammatory gene expressions, such as VCAM-1 and MCP-1. Both processes
lead to further recruitment of inflammatory cells and accelerate the vascular inflammatory
response. On the other hand, the prognostic value of a high plasma aldosterone
concentration (PAC) in HDD-CKD patients is unknown, where PAC is known to be
associated with poor outcome in patients with cardiac disease. Kohagura et al. reported that
lower PAC was independently predictive of death in hypertensive DD-CKD patients. The
adjusted hazard ratio (95% confidence interval) of the lower PAC group was 2.905 (1.187-
7.112, p=0.020). The significance of PAC became marginal when normalized with albumin or
potassium. These results suggested that higher PAC was not associated with an increase in
total and cardiovascular deaths among hypertensive HDD-CKD patients. The association
between lower PAC and poor survival may be driven by volume retention and/or lower
potassium level. Diskin et al. also reported that HDD-CKD patients with higher aldosterone
levels tended to have longer survival.

Recently, it was found that RAAS components are expressed in many tissues, such as the
heart, kidney, placenta, testis, eye, and lymphocytes. These local tissue RAAS components
are suggested to contribute to tissue damage. Prorenin, which is a biosynthetic precursor of
renin, is secreted not only by the kidney but also by many other tissues, whereas circulating
renin is derived exclusively from juxta-glomerular cells of the kidney. Prorenin does not
have enzymatic activity itself; however, several studies have reported that circulating
prorenin could be taken up by tissues and contribute to activating local RAAS by binding
(pro)renin receptor [(P)RR] and then that inactive prorenin is converted to the active form,
which obtains enzymatic activity by conformational change. Recent studies have
demonstrated that prorenin-(P)RR interaction activated tissue RAAS and contributed to the
pathogenesis of organ damage in several diseases, such as HT and diabetes end organ
damage; however, few studies have reported the role of tissue RAAS and prorenin in DD-
CKD patients. Takemitsu et al. reported that arterial (P)RR may contribute to activate
arterial tissue RAAS in HDD-CKD patients since arterial (P)RR mRNA expression was
correlated with arterial angiotensin-converting enzyme (ACE) mRNA expression.
Takemitsu et al. also reported that plasma prorenin concentration was correlated with PRA,
plasma AT I level, plasma AT II level, and PAC level in HDD-CKD patients. Recently, we
reported that the plasma prorenin level increased in HDD-CKD patients [147.1 +/- 118.9
pg/ml (standard value <100 pg/ml)]. The (P)RR mRNA expression level in peripheral
mononuclear cells (PBMCs) also increased 1.41 +/- 0.39-fold in HDD-CKD patients
compared with that in healthy control subjects (p < 0.001) (Figure 1). Plasma prorenin
significantly correlated with plasma 8-hydroxydeoxyguanosine (8-OHdG) level (r = 0.535, p
< 0.001), which is a useful marker for assessment of oxidative DNA damage in reactive
oxygen species (ROS) including in HDD-CKD patients (Figure 2). These results suggested
that tissue RAAS activated by circulating prorenin contributes to the regulation of plasma 8-
OHJG level in HDD-CKD patients.
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Fig. 1. (P)RR expression in peripheral blood mononuclear cells in healthy subjects (n=10)
and HDD-CKD patients (n=49). Columns represent the mean * s.e. (P)RR, prorenin receptor;
HDD-CKD, hemodialysis-dependent chronic kidney disease (Morishita et al., 2011).
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Fig. 2. Correlations of plasma prorenin level and 8-OHdG in hemodialysis-dependent
chronic kidney disease patients. 8-OHdG, 8-hydroxydeoxyguanosine (Morishita ef al., 2011).

3. The blocked effect of RAAS in DD-CKD patients
3.1 HDD-CKD patients
Angiotensin-converting enzyme inhibitors in HDD-CKD patients

Tradolapril and captopril have been reported to be effective for HT in HDD-CKD patients.
Zheng et al. reported that systolic BP (SBP) was decreased from 122.2+7.1 to 116.4+11.6
mmHg and diastolic BP (DBP) was decreased from 75.3+10.4 to 70.4+11.4 mmHg after 2-10
weeks by the administration of tradopril (2-8 mg/thrice a week (TIW)) after each HD
session in 10 HDD-CKD patients. In that study, atenolol (25-50 mg/TIW) and/or
amlodipine (10 mg/TIW) were also given if the patients had any member of these classes of
drugs as part of their daily regimen. Wauterd et al. reported that captopril was administered
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orally in 2 daily doses of 25 to 200 mg in 8 HDD-CKD patients. These patients showed HT
despite intensive ultrafiltration and conventional antihypertensive therapy. For 4 patients
with the highest PRA, their BP was normalized by captopril alone. For the 4 remaining
patients, captopril therapy was complemented by salt subtraction, which consisted of
replacement of 1-2 liters of ultrafiltrate by an equal volume of 5% dextrose until BP was
controlled. After an average treatment period of 5 months, BP of all 8 patients was reduced
from 179/105 + 6/3 (mean +SEM) to 134/76 + 7/5 mmHg (p <0.001) without a significant
change in body weight. These clinical studies demonstrated that ACE inhibitor has
beneficial effects to control BP in HDD-CKD patients. In addition, some studies reported
that ACE inhibitors showed cardiovascular protective effects in HDD-CKD patients as
follows. London et al. reported that perindopril (2-4 mg after each HD session) significantly
reduced left ventricular mass (317+18 to 247+21 g, p=0.036) after 12 months in 14 HDD-CKD
patients whereas a calcium channel antagonist, nitredipine (20-40 mg/day), did not when
perindopril and nitredipine showed similar reductions of BP. Matsumoto et al. reported that
imidapril (2.5 mg/day) significantly reduced left ventricular mass index (132+10 to 109+6
g/m?2, p<0.05) after 6 months; however, placebo did not produce a change in HDD-CKD
patients. SBP and DBP were not significantly changed in either imidapril or placebo group.
In that study, ACE was reduced (1241 to 5+2 U/I, p<0.01) and PRA was increased (3.3+0.8 to
8.1£3.2 ng/ml/h, p<0.01) but plasma AT II and aldosterone (Ald) were not significantly
changed (1343 to 1743 pg/ml and 365+125 to 312+132 pg/ml, respectively). These results
suggested that the beneficial effect of imidapril against left ventricular mass was
independent of BP lowering effect. Zannad et al. reported that no significant benefit was
found with fosinopril (5-20 mg/day) for the prevention of cardiovascular events such as
cardiovascular death, resuscitated death, nonfatal stroke, heart failure, myocardial
infarction, or revascularization in HDD-CKD patients; however, there was a trend that
fosinopril treatment may be associated with a lower risk of cardiovascular events after
adjustment for risk factors. These lines of evidence suggested that ACE inhibitors are
effective in controlling BP and preventing CVD in HDD-CKD patients. It is highly likely that
the cardioprotective effects of ACE inhibitors are independent of their BP lowering effect in
HDD-CKD patients.

Angiotensin receptor blockers in HDD-CKD patients

Saracho et al. reported on a multicenter, open 6 month study designed to test the tolerability
and efficacy of losartan as an antihypertensive in 406 hypertensive HDD-CKD patients who
were previously untreated, treated but uncontrolled, or treated with poor tolerability. There
were significant reductions in pre- and postdialysis SBP and DBP at 3 months (pre
SBP/DBP: 155 + 15/84+ 9 mmHg, post SBP/DBP: 140 + 19/78+ 10 mmHg) and 6 months
(pre SBP/DBP: 152 + 16/83+ 9 mmHg, post SBP/DBP: 139+ 18/77+ 9 mm Hg) compared
with those at baseline (pre SBP/DBP: 163 + 16/88+ 10 mmHg, post SBP/DBP: 148+ 18/82+ 9
mmHg). Shibasaki et al. reported that losartan (50 mg/day) reduced left ventricular mass
index (-24.7+3.2%) after 6 months more than a calcium channel antagonist, amlodipine (5
mg/day: -10.5+5.2%), or an ACE inhibitor, enalapril (5 mg/day: -11.2+4.1%), although all
three groups had similar decreases in mean BP. Kanno et al. reported that losartan (100
mg/TIW) reduced left ventricular hypertrophy (145+5 to 122+3 g/m?2, p<0.001) after 12
months in 24 diabetic patients on HD therapy whereas a placebo group showed no change.
In this study, SBP and DBP were controlled below 140/90 mmHg with a calcium antagonist,
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benidipine (4-12 mg/day), and an a-blocker, doxazosin (2-4 mg/day). SPB was significantly
decreased in both placebo and losartan groups after 12 months.These results suggested that
this beneficial effect of losartan for left ventricular hypertrophy was independent of a BP
lowering effect. Takahashi et al. stated that candesartan (4-8 mg/day) reduced
cardiovascular events and mortality compared with placebo (16.3% vs. 45.9 and 0.0 vs.
18.9%, respectively) after 19.4+1.2 months in HDD-CKD patients in a stable condition and
with no clinical evidence of cardiac disorder. In this study, the brain natriuretic peptide
(BNP) level did not differ between the two groups at enrolment, whereas in patients who
had not experienced a cardiovascular event at 12 months, the BNP levels were significantly
increased in the control group but not in the candesartan group. Suzuki et al. reported that
angiotensin receptor blockers (ARBs) (valsartan: 160 mg/day, candesartan: 12 mg/day, or
losartan: 100 mg/ day) treatment was independently associated with reduced cardiovascular
events (hazard ratio, 0.51; 95% confidence interval, 0.33 to 0.79; p=0.002) compared with no
ARB treatment group for 180 HDD-CKD patients in each group during a 3 year observation
period. There were 34 (19%) fatal or nonfatal CVD events in the ARBs group and 59 (33%) in
the no ARB group. BP did not differ between the ARBs group and the no ARB group during
the observation period. After adjustment for age, sex, diabetes, and SBP, treatment with an
ARB was independently associated with reduced fatal and nonfatal CVD events (hazard
ratio, 0.51; 95% confidence interval, 0.33 to 0.79; p=0.002). These results demonstrated that
ARBs are effective in controlling BP and preventing CVD in HDD-CKD patients. We predict
that the cardioprotective effects of ARBs may be independent of their BP lowering effect in
HDD-CKD patients.

Direct renin inhibitor

An oral direct renin inhibitor, aliskiren, is effective against essential HT by reducing PRA,
resulting in suppression of RAAS; however, little was known about the effects of aliskiren in
HDD-CKD patients. Recently, we reported on antihypertensive and potential cardiovascular
protective effects of aliskiren, in hypertensive HDD-CKD patients. Aliskiren (150 mg/day)
significantly reduced SBP and DBP after 2 month in hypertensive HDD-CKD patients
(Figure 3). RAAS was suppressed by aliskiren treatment (PRA: 3.6+4.0 to 1.0 £1.5 ng/ml/hr,
p=0.004; AT I: 1704.0+2580.9 to 233. 7+181.0 pg/ml, p=0.009; AT II: 70.2+121.5 to 12.4+11.5
pg/ml, p=0.022) (Figure 4). Surrogate markers for cardiovascular disease such as BNP, high-
sensitivity CRP (hs-CRP), and an oxidative stress marker, diacron-reactive oxygen
metabolite (d-ROM), were inhibited by aliskiren (BNP: 362.5+262.1 to 300.0+232.0 pg/ml,
p=0.043; hs-CRP: 6.2+8.1 to 3.5+3.7 mg/l, p=0.022; d-ROM: 367.0+89.8 to 328.3£70.9
U.CARR, p=0.022) (Figure 5). The levels of inhibition of these surrogate markers for CVD by
aliskiren did not correlate with the decreased levels of BP. Two treatments were
discontinued owing to an adverse event and symptomatic hypotension by aliskiren. The
adverse event was eyebrow alopecia (1 patient). A possible connection of this event to
aliskiren treatment could not be excluded. The symptomatic hypotension recovered to the
basal level after aliskiren withdrawal. Increased serum potassium was not observed in any
patients. Several studies reported that mean trough plasma aliskiren concentrations were
increased by renal impairment; however, an increase in exposure did not correlate with the
severity of renal impairment. Moreover, renal clearance of aliskiren was found to occur for
only a small fraction (0.1-1.0%). These data suggest that adjustment of the aliskiren dose is



118 Novel Insights on Chronic Kidney Disease, Acute Kidney Injury and Polycystic Kidney Disease

unlikely to be required in HDD-CKD patients. Further studies will be required to investigate
the pharmacokinetics of aliskiren in HDD-CKD patients. In summary, these results suggest
that aliskiren is effective in BP control and extend the possibility that aliskiren may have
cardiovascular protective effects in hypertensive HDD-CKD patients.
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Fig. 3. Change in systolic blood pressure (SBP) and diastolic blood pressure (DBP) from
baseline (Week 0) to Week 8 with aliskiren (150 mg/day) treatment in hemodialysis-
dependent chronic kidney disease patients (Morishita et al., 2011a).
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Fig. 4. Change in plasma renin activity (PRA), angiotensin I (ATI), angiotensin II (ATII), and
aldosterone (Ald) by aliskiren treatment in hemodialysis-dependent chronic kidney disease
patients (Morishita et al., 2011a).
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Fig. 5. Change in brain natriuretic peptide (BNP), highly sensitive C-reactive protein (hs-
CRP), and diacron-reactive oxygen metabolite (d-ROM) by aliskiren treatment in
hemodialysis-dependent chronic kidney disease patients (Morishita et al., 2011a).

3.2 PDD-CKD patients

A few studies reported on a RAAS blockade effect in peritoneal dialysis-dependent CKD
(PDD-CKD) patients. Fang et al. reported that a group (n=165) treated with ACE inhibitors/
ARBs had a significantly longer survival than an untreated group (n=141) (log rank 19.191,
P < 0.001) in PDD-CKD patients. After adjusting for age, BP, and other demographic and
clinical parameters, multivariable Cox proportional hazards modeling showed that the use
of ACE inhibitors/ARBs was associated with 62% reduced risk of death (HR 0.382, 95% CI
0.232-0.631, P < 0.001) in PDD-CKD patients. Jing et al. reported that ultrafiltration of a
group treated with ACE inhibitors/ARBs group (n=38) had not changed after 12 months
whereas that of an untreated group (n=28) had decreased (P < 0.05). The expressions of
fibronectin, Transforming growth factor- 81 (TGF-81) and vascular endothelial growth
factor (VEGF) in dialysate effluent were significantly increased in the untreated group, but
not in the group treated with ACE inhibitors/ARBs. These results suggested that RAAS
blockade has beneficial effects for mortality and peritoneal function in PDD-CKD patients.
Suzuki et al. reported that ARB (valsartan) slowed the decline in residual renal function
independent of BP lowering effect in PDD-CKD patinets.

3.3 Caridioprotective effects of RAAS blockers independent of their BP lowering
effect in DD-CKD patients

Increasing evidence suggested that elevation of RAAS contributes directly to cardiac
hypertrophy via its growth factor properties on smooth muscle cells and cardiac myocytes
among DD-CKD patients, independent of BP effects. RAAS also plays a role in cardiac
fibrosis by stimulating TGF- 81 gene expression and induction of fibroblast proliferation
and collagen deposition. RAAS blockers may directly effects for cardiac hypertrophy and
fibrosis via these pathways independent of their BP lowering effects in DD-CKD patients. In
addition, several studies reported that RAAS blockers showed beneficial effects for pulse
wave velocity which is recognized as a potent predictor of mortality in DD-CKD patients,
independent of their BP lowering effects. Further studies will be needed to investigate the
mechanism of cardioprotective effects of RAAS blockade on DD-CKD patients.
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3.4 Adverse effects of RAAS blockers in DD-CKD patients

ACE inhibitors showed several adverse effects in HDD-CKD patients. High-dose ACE
inhibitors suppressed erythropoiesis and induced resistance to erythropoietin therapy in
HDD-CKD patients. Occasionally, ACE inhibitors may cause anaphylactoid reactions with
ANG69 dialysis membrane in HDD-CKD patients by elevation of bradykinin level (Kammer]
et al., 2000). Hyperkalemia, which is a frequent concern in HDD-CKD patients
independently of medication use, is the primary danger from RAAS blocking medications.
Several clinical trials of ACE inhibitors, ARBs, and renin inhibitor in HDD-CKD patients
tracked potassium levels. Increased hyperkalemia by these RAAS blockers in HDD-CKD
patients was not observed in these trials. These results suggested that the risk of
hyperkalemia by RAAS blocking is small.

4. Conclusion

From previous studies, it is suggested that RAAS blockade has a beneficial effect in
controlling BP and preventing CVD in DD-CKD patients. However, the choice of the RAAS
inhibitor as well as its use in the treatment of DD-CKD patients have to be carefully
determined considering the possible adverse effects and potential interactions with other
drugs being used in the treatment of DD-CKD patients. Further studies with an adequate
sample size and a thorough design are still needed to determine the effect of RAAS blockade
on DD-CKD patients.
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1. Introduction

Primary aldosteronism (PAL) is a clinical disorder characterized by excessive production
and release of aldosterone from the cortical zona glomerulosa of the adrenal gland. The high
level of circulating aldosterone increases sodium reabsorption with potassium loss in the
distal tubule, leading to mild hypernatremia, hypertension (HTN), severe hypokalemia, and
alkalosis. 12 Primary aldosteronism, as originally described by Conn in the 1950s.34 (PAL)is
characterized by an increased secretion of aldosterone that seems to be autonomous of the
renin-angiotensin system, as the secretion of renin is suppressed. PAL represents the most
common form of secondary hypertension.>6 In recent years, the large- scale hypertension
trials, It is now widely recognized that PAL is much more common than previously thought,
being present in up to 5-13% of unselected hypertensive patients? and in resistant HTN (BP
above goal with three or more antihypertensive medications) with a reported prevalence of
20% to 23% in this group of patients.58 As older age and obesity are 2 of the strongest risk
factors for uncontrolled hypertension, the incidence of resistant hypertension will likely
increase as the population becomes more elderly and heavier. The prognosis of resistant
hypertension is unknown, but cardiovascular risk is undoubtedly increased as patients often
have a history of long-standing, severe hypertension complicated by multiple other
cardiovascular risk factors such as obesity, sleep apnea, diabetes, and chronic kidney
disease.5 In ALLHAT, older age, higher baseline systolic blood pressure, LVH, and obesity
all predicted treatment resistance as defined by needing 2 or more antihypertensive
medications. Overall, the strongest predictor of treatment resistance was having CKD as
defined by a serum creatinine of >1.5 mg/dL. Other predictors of the need for multiple
medications included having diabetes mellitus and living in the southeastern United States.
African-American participants had more treatment resistance, as did women, such that
black women had the lowest control rate (59%) and non-black men the highest (70%).8
Furthermore, experimental and clinical studies showed that excess aldosterone has
detrimental effects on the heart, brain and kidneys that are partly hypertension-
independent.® Patients diagnosed with PAL, compared with patients with essential
hypertension seems to increase the left ventricular wall thickness.10 In addition, aldosterone
excess appears to independently increase the risk of cardiac fibrosis.1! Likewise,
mineralocorticoid receptor blockage has been showed to diminish the effects of aldosterone
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on PAI-1 levels. In recent years, clinical trials have demonstrated an additive effect of
combined ACEI and aldosterone receptor antagonism on cardiovascular morbidity and
mortality.1213 The mechanism, named aldosterone escape, referring to chronic ACEI that
leads aldosterone to return to baseline concentrations, might clarify the additional effects of
aldosterone on PAI-1 levels.1415 We study, administration of an ACEI (fosinopril) and an
ACEI plus aldosterone antagonist (spironolactone) both caused a significant decrease in
PAI-1 levels, which might be attributed to aldosterone escape.16

Several studies have shown that patients with either aldosterone-producing adenoma (APA)
or idiopathic hyperaldosteronism (IHA) appear to have increased cardiovascular morbidity
compared with age-, sex-, and systolic and diastolic BP-matched patients with essential
hypertension.1718 Patients with PAL, stroke, MI and significantly increased risk of atrial
fibrillation.1® Optimal BP control and specific management of aldosterone excess by either
adrenalectomy or medical treatment with mineralocorticoid receptor (MR) antagonists is
fundamental for the prevention of cardiovascular events in patients with PA.20

The adverse effects of aldosterone excess stress the importance of establishing the diagnosis
of PAL and its underlying cause. The most common subtypes of PAL are APA (35% of
cases) and IHA (60% of cases).2l Many other subtypes of PAL have also been described,
including primary or unilateral adrenal hyperplasia (2%), pure aldosterone-secreting
adrenocortical carcinoma (<1%) and ectopic aldosterone- secreting tumours (e.g. neoplasms
in the ovary or kidney) (<0.1%).22

2. Clinical findings
2.1 Symptoms and signs

The most common findings in PAL, moderate or severe hypertension and hypokalemia.
PAL patients are often resistant hypertension, hypertension in these patients usually need to
take control of multiple drug use. In recent studies, only a minority of patients with PAL (9-
37%) had hypokalemia.> Although hypokalemia is considered the hallmark of
hyperaldosteronism, the majority of patients with PAL have normal serum potassium levels.
Hypokalemia is believed to be a late manifestation of PAL and many patients with PAL may
present with HTN well before they develop hypokalemia. 623 Most symptoms of PAL are
attributed to hypokalemia, which include muscle weakness, cramping, transient paralysis,
palpitations, headache, or polyuria.2

Half the patients with an APA and 17% of those with idiopathic hyperaldosteronism (IHA)
had serum potassium concentrations less than 3.5 mmol/liter.2¢ Thus, the presence of
hypokalemia has low sensitivity and specificity and a low positive predictive value for the
diagnosis of PAL. Separation of IHA and APA, IHA to be treated medically, surgically
corrected if the APA is very important because of an illness.

2.2 Laboratory findings

The recently published Guidelines for diagnosis and treatment of PAL outlined for the
first time the categoriesof hypertensive patients with relatively high prevalence of PAL
who should undergo a screening test. 1 The screening test should be performed in all
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patients with: 1) resistant hypertension; 2) hypertension grade 2 or 3; 3) hypertension and
spontaneous or diuretic-induced hypokalaemia 4) hypertension with adrenal
incidentaloma; 5)hypertension and a family history of early-onset hypertension or
cerebrovascular accident at a young age (<40 year); 6) all hypertensive first-degree
relatives of patients with PAL.

There is a general consensus that aldosterone:renin ratio (ARR) is the most reliable available
means for PAL screening; however there is no agreement on either the ARR cut-off or
whether the absolute aldosterone level should also be taken into account. Aldosterone/ renin
ratios (ARRs) were calculated from these values using the following Formula (ARR): Plasma
aldosterone (ng/dL)/Plasma renin (ng/mL-h) . Individuals with an ARR of =30 were
suspected of having primary aldosteronism, while an ARR of <30 was considered normal.!
However, it is now recognized the prevalence is higher (5-13% of all patients with
hypertension) when the PAC to PRA ratio (ARR) is used to screen for PAL. Measurements
of PAC and PRA are recommended for the diagnosis of PAL.

Several factors affect ARR, the most important being antihypertensive therapy:
mineralocorticoid receptor antagonists and diuretics lead to false-negative results and thus
should always be withdrawn for at least 4-6 weeks (6- 8 for spironolactone);
dihydropyridine calcium channel blockers, angiotensin-converting enzyme inhibitors,
angiotensin II receptor antagonists can potentially, but infrequently, led to false-negative
results?>; in contrast, beta-blockers and central 2-agonists can cause false positives.26 The
direct renin inhibitor aliskiren lowers PRA, resulting in false-positive ARR for renin
measured as PRA and false negatives for renin measured.!

An increased ARR is not diagnostic by itself, and PAL must be confirmed by
demonstrating over- production of aldosterone. The Endocrine Society guidelines
recommend the following four confirmatory tests; an oral sodium test, saline infusion test,
fludrocortisone test and captopril challenge test.! Patients should receive 12.8 g sodium
chloride for 3 days in the oral sodium loading test. The captopril challenge test shows
excellent sensitivity despite relatively low specificity and due to its simplicity can be
performed at the outpatient clinic.

Oral sodium loading test: This test is performed to evaluate the suppression of
aldosterone by oral sodium loading. The oral sodium loading test is also not practical in
hypertensive patients because of their high-salt intake, and the intravenous saline
infusion test is not common as it is dangerous for elderly patients or those with left
ventricular hypertrophy or a previous myocardial infarction, all of which are commonly
complicated by PAL. The most commonly used test to verify the diagnosis oarl sodium
loading test. Patients should increase their sodium intake to 200 mmol/d (6 g/d) for 3
day, verified by 24-h urine sodium content. Patients should receive adequate slow-release
potassium chloride supplementation to maintain plasma potassium in the normal range.
Urinary aldosterone is measured in the 24-h urine collection from the morning of d 3 to
the morning of day 4. PAL is unlikely if urinary aldosterone is lower than 10 ng/24 h (27.7
nmol/ d) in the absence of renal disease where PAL may coexist with lower measured
urinary aldosterone levels. Elevated urinary aldosterone excretion >12 ng/24 h (>33.3
nmol/d) at the Mayo Clinic, >14 pg/24 h (38.8 nmol/d) at the makes PAL highly likely.
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Urinary aldosterone levels greater than 12 mcg/24 hours indicate failure to suppress the
aldosterone production by high salt intake and is diagnostic of PAL with over 90%
sensitivity and specificity 22

Saline loading test: Patients stay in the recumbent position for at least 1 h before and during
the infusion of 2 liters of 0.9% saline iv over 4 h, starting at 08:00-09:30 h. Blood samples for
renin, aldosterone, cortisol, and plasma potassium are drawn at time zero and after 4 h, with
blood pressure and heart rate monitored throughout the test. Post infusion plasma
aldosterone < 5 ng/dl make the diagnosis of PAL unlikely, and levels >10 ng/ dl are a very
probable sign of PAL. Values between 5 and 10 ng/dl are indeterminate.3* SLT is
contraindicated in patients with severe HTN, chronic kidney failure, HF, cardiac
dysrhythmias, or severe hypokalemia.

Captopril challenge test: Patients receive 25-50 mg captopril orally after sitting or standing
for at least 1 h. Blood samples are drawn for measurement of PRA, plasma aldosterone, and
cortisol at time zero and at 1 or 2 h after challenge, with the patient remaining seated during
this period. Plasma aldosterone is normally suppressed by captopril (>30%). The test is
considered positive if SA remains greater than 12 ng/dL or ARR is greater than 26.28 This
test has a higher sensitivity (100% versus 95.4%) and specificity (67% to 91% versus 28.3%)
over the baseline screening tests, and is easier to perform than the SLT.

Fludrocortisone suppression test: Fludrocortisone suppression is the standard test used
to confirm the diagnosis of PAL. Fludrocortisone (Florinef) is given 0.1 mg every 6 hours
orally together with high oral sodium of 200 mmol (6 g) per day for 4 days. Potassium
supplement should be given to maintain a close to normal serum potassium level. Upright
SA and PRA are obtained on day 4 of the test. SA greater than 6 ng/dL is indicative of
failure to suppress the aldosterone production and is diagnostic of PAL; PRA should be
suppressed to less than 1 ng/mL/hour. FST requires hospital admission because of
hypokalemia associated with testing as well as the need for frequent blood samples to
monitor serum potassium levels. This test is contraindicated in patients with severe HTN
or heart failure (HF). 127

3. Imaging studies
3.1 Adrenal computed tomography

Imaging of adrenal glands by computed tomography (CT) and magnetic resonance imaging
(MRI) is frequently used to detect an adrenal mass in patients with positive screening and
confirmation tests. 2

APA may be visualized as small hypodense nodules (usually<2 cm in diameter) on CT. IHA
adrenal glands may be normal on CT or show nodular changes. Aldosterone-producing
adrenal carcinomas are almost always more than 4 cm in diameter, but occasionally smaller,
and like most adrenocortical carcinomas have a suspicious imaging phenotype on CT. 30

A high resolution CT scan with 2-3 mm cuts represents the best available technique for
identifying adrenal nodules that can be an APA, primary unilateral adrenal hyperplasia or
bilateral adrenal hyperplasia.?! According to the Endocrine Society guidelines, MRI, CT or
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both should be performed in patients with primary aldosteronism to identify the rare but
large aldosterone-producing carcinoma.2 However, as MRI is more expensive and has a
lower spatial resolution than CT, MRI has no advantage over CT in subtype evaluation of
primary aldosteronism.!

Half of APAs are <20 mm in diameter and up to 42% are <6 mm in diameter, therefore, most
patients with primary aldosteronism attributable to an APA who can be cured with surgery
have a small or very small tumor.3® Other surgically curable subtypes of primary
aldosteronism, such as primary aldosteronism caused by primary unilateral adrenal
hyperplasia or multinodular unilateral adrenocortical hyperplasia, have nodular lesions that
are also most often very small (<10 mm in diameter), which makes them hardly detectable
with CT or MRL In addition, a nonfunctioning adrenal mass (incidentaloma) can also be
present in a patient with primary aldosteronism either with a small APA or with unilateral
adrenocortical hyperplasia, both of which are undetectable with CT. Moreover, in a patient
with primary aldosteronism, an adrenal nodule can be an APA, a macronodule of hyper-
plasia attributable to idiopathic hyperaldosteronism,® or a macronodule attributable to
primary unilateral adrenal hyperplasia.3

3.2 Adrenal venous sampling

There are an increasing number of reports that adenal vein sampling (AVS) is the gold
standard test to differentiate unilateral from bilateral disease in patients with PAL. The
Endocrine Society guidelines state that AVS is the “standard test to differentiate unilateral
from bilateral causes of [primary aldosteronism]. 1 Adrenal venous sampling is a difficult
procedure as the right adrenal vein is small, with the success rate depending on the
proficiency of the angiographer. AVS is expensive, technically demanding and carries a tiny,
but not negligible, risk of adrenal-vein rupture.36

In a study where AVS was used as the gold standard for diagnosis, CT scans mistakenly
suggested that one-quarter of patients had an APA; correctly identified a unilateral or
bilateral excess of aldosterone only in half of all patients; falsely suggested a bilateral
adrenal hyperplasia in one-fifth of patients with a unilateral source of aldosterone excess;
and in some patients identified an APA in the wrong adrenal gland.34

Rapid cortisol assays during AVS to monitor cortisol levels can reduce the failure rate of
AVS. We have developed a new rapid cortisol assay using immunochromatography, in
which cortisol concentrations can be measured within 6 min. (briefly explain false positive
rates etc., in this method- should this be used in conjunction with CT?) Using this
technique, the success rate of AVS has improved to 93% .37

4. Treatment

At our institution, we support the recommendation from the Endocrine Society guidelines!
that a lateralized aldosterone secretion should be demonstrated before undertaking surgery
in patients who are candidates for general anesthesia and wish to achieve long-term cure.
The goal of treatment for PAL is focused on the normalization of circulating aldosterone or
aldosterone receptor blockade to prevent the morbidity and mortality associated with HTN,
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hypokalemia and end-organ damage.? Management strategies should take patient
characteristics and desires into consideration. Surgical treatment may not be appropriate for
all patients with unilateral hypersecreting adrenal mass but may be reasonable for those
with bilateral hypersecretion.

4.1 Medical treatment

Medical management with a mineralocorticoid receptor (MR) antagonist is recommended
for patients who do not undergo surgery. Medical treatment is recommended for patients
with bilateral hypersecreting adrenal lesions or for those with unilateral lesion who are not
optimal for or who do not want surgical treatment (see Pharmacotherapy for
hyperaldosteronism). Medications that block aldosterone action are effective for the
treatment of hypokalemia and HTN and these include nonselective (spironolactone) and
selective aldosterone receptor antagonists (eplerenone). Amiloride is not an aldosterone
receptor antagonist and is not effective in controlling HTN in PAL but may be used for its
potassium sparing property.

Prior studies on the efficacy of spironolactone in treating resistant HTN have used 25 to 50
mg daily dosing, whereas true PAL may require larger daily doses up to 100 to 400 mg. The
onset of action on BP may be slow. Measurements of PRA are not necessary but may be an
indication that an optimal dose of the medication has been prescribed when it is no longer
suppressed.

Spironolactone is a nonselective MR antagonist with significant antiandrogenic and
progestational activities responsible for its most common side effects (gynecomastia, erectile
dysfunction and abnormal menstrual cycles) 2. Eplerenone is a selective MR antagonist
without antiandrogen or progesterone agonist activity: it has 60% of the potency of
spironolactone in vivo and should be administered twice daily given its short half-life.
Combined therapy with a small dose of spironolactone and amiloride may alleviate these
undesirable consequences.?? Eplerenone, a more selective mineralocorticoid receptor
blocker, also effectively reduces BP in patients with resistant hypertension Eplerenone has a
beter adverse reaction profile because it has substantially less binding affinity to androgen
and progesterone receptors than spironolactone.

4.2 Surgical treatment

Laparoscopic adrenalectomy is currently the best treatment, and can be performed during a
short hospital stay at a very low operative risk.33° This surgery has cured primary
aldosteronism in 33-72% of patients and resulted in marked improvements in 40-50% of
patients.4041  Approximately one-third of all PAL patients has clear lateralization of
aldosterone production and will benefit from unilateral adrenalectomy. Laparoscopic
adrenectomy is the most suitable therapy for APA or unilateral adrenal hyperplasia. After
adrenalectomy hypertension is cured in around 50% of patients with APA (range 33-70%)
[3] with the remaining patients showing a significant reductions in blood pressure and
number of antihypertensive drugs. Chronic suppression of the renin-angiotensin axis may
cause transient postoperative hypoaldosteronism and a liberal sodium diet should be
allowed to prevent hyperkalemia after the surgery. An I.V. infusion of 0.9% sodium chloride
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every 8 to 12 hours may be necessary to avoid postoperative intravascular volume
depletion. All antihypertensive medications, especially spironolactone and amiloride,
should be withheld and other BP medications may be cautiously reinstituted as needed
within a few days. The data on follow-up assessment of the remaining adrenal gland after
surgery is scanty. Postoperative SA, PRA, and ARR are commonly repeated.l” These authors
also periodically obtained CT scan in their patients at 1 to 3 yearly intervals because they
have observed that the remaining adrenal gland could slowly increase in size, become
nodular or develop adenoma after surgery.

Of note, adrenalectomy in APA patients has also been reported to improve self-assessed
quality of life. 422 A recent study suggests that, for reasons which are incompletely
understood, unilateral adrenalectomy may be beneficial in carefully selected patients with
bilateral PA. 43

5. Conclusion

Until recently, aldosterone excess was thought to play a minor role in the development of
hypertension. Beginning in the early 1990s, however, reports from investigators worldwide
have found that primary aldosteronism is common in patients with hypertension, with
prevalence rates of 10 to 15%. In patients with severe or resistant hypertension, the
prevalence of primary aldosteronism is even higher, with a prevalence of approximately
20%. Approximately 30% to 60% of APA patients are improved or have resolution of HTN
and hypokalemia with normal SA and PRA after unilateral adrenectomy. HTN is normally
resolved within 1 to 6 months and patients with persistent HTN are more likely to be older,
require more than two antihypertensive drugs preoperatively, or have a longer duration of
HTN or underlying renal dysfunction. The postoperative BP in those with persistent HTN is
usually easier to control with fewer medications. The cardiovascular complications of
patients who achieve optimal BP control with or without medications eventually decrease to
the levels of those with essential HTN. Partial reversal of renal dysfunction, regression of
LVM and improved diastolic left ventricular function have been demonstrated after
successful treatment of PAL. It has been reported that adrenalectomy for APA is more cost-
effective than long-term medical therapy.
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