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MELINDA LEE CHAMBLESS BEAVERS Impaired Volume Regulation in 

Cardiovascular Disease in Two Distinct Populations (Under the direction of GREGORY 

HARSHFIELD) 

Vohune dysregulation leads to congestive heart failure and death. The condition has been 

well-documented in both obesity-related cardiovascular disease and congenital heart 

disease. Our hypotheses are as follows: 1) Volume dysregulation, in the form of elevated 

systolic blood pressure and left ventricular mass index, is related to adiposity and 

aldosterone in adolescent boys but not girls. 2) Volume dysregulation, in the form of 

decreased nocturnal decline in blood pressure (non-dipping) is present in patients with 

tetralogy of Fallot, and is related to decreased left and right ventricular function. 

To test our first hypothesis, 100 healthy adolescents, recruited from area schools, were 

studied .. Subjects were placed on a sodium-controlled diet for 4 days. Blood and urine 

samples were collected after one hour of rest. The protocol was repeated twice for each 

individual. Data were averaged between visits for greater statistical power. Adiposity and 

echocardiography measures-were collected within 1 month of testing. 

Stepwise regression indicated that race and adiposity both contributed to the .effects of 

aldosterone. For example, body mass index and race contributed to the model for 

aldosterone (Adjusted R2=0.303, p=0.002). In the aldosterone-hypertension risk 

relationship, stepwise regression indicated that only aldosterone contributed to the model 

for systolic blood pressure (Adjusted R2=0.098, p=0.023). 



To test our second hypothesis, 20 patients with repaired tetralogy of Fallot were recruited 

from clinic. Subjects completed a submaximal exercise test (modified Bruce) with 

echocardiography, and then wore an ambulatory blood pressure monitor for 24 hours. 

Of the 20 subjects with tetralogy ofFallot, 60% were 'non-dippers'. Race was 

significantly different between the dippers and non-dippers, with 1 of 8 African 

Americans being a dipper, and the remaining 7 African Americans being non-dippers 

(t=2.188, p=0.042). Right ventricular stroke volume (t=2.392, p=0.028) and ejection 

fraction (t=3.484, p=0.003) were significantly different between dippers and non-dippers. 

In a population of healthy adolescents with a well-distributed range of adiposity, 

increasing adiposity is associated with increasing aldosterone levels in boys but not girls. 

This is related to increasing systolic blood pressure and left ventricular mass in boys, but 

not in girls. These results may indicate an underlying volume dysregulation that 

contributes to hypertension and cardiovascular disease as a result of prolonged exposure 

to increased adiposity. 

In a population of 20 adolescents and young adults with repaired tetralogy of Fallot, non-

dipping-is associated with decreased right ventricular stroke volume and ejection fraction, 

but is not associated with decreased left ventricular function. Patients with repaired 

tetralogy of Fallot and non-dipping may be at greater risk for failure due to the 

combination of pulmonary regurgitation with increased nocturnal pressures. 

INDEX WORDS: volume dysregulation, adiposity, aldosterone, systolic blood pressure, 
sex, boys, congenital heart defects, tetralogy of Fallot, ambulatory blood pressure, non
dipping 
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I. OVERVIEW 

Volume dysregulation leads to congestive heart failure and death. The condition has been 

well-documented in patients with hypertension and cardiovascular disease, and the rising 

epidemic of obesity, especially in childhood, is largely to blame for the increase seen in 

recent decades. The relationship between adiposity and cardiovascular disease in adults is 

known to be sexually dimorphic, in that cardiovascular disease tends to develop earlier in 

men versus women. Recent studies by this and other laboratories have shown that the 

relationship between adiposity and blood pressure and left ventricular mass in 

adolescents is also sexually dimorphic. However, few studies have addressed the sexual 

dimorphism of cardiovascular disease with respect to adiposity in adolescents. As such, 

there is little understanding of the mechanisms through which adiposity increases 

cardiovascular risk in boys differently than in girls, though aldosterone appears to be an 

important factor. Adiposity has a significant biological interaction with aldosterone, and 

aldosterone is known to have direct effects on the myocardium and vasculature. The 

purpose of this study was two-fold: 1) to validate the sexual dimorphism in the 

relationship between adiposity and cardiovascular risk assumed to exist between boys 

and girls, men and women; 2) to determine whether aldosterone mediates the sexual 

dimorphism in obesity-related cardiovascular effects. 



The lessons learned in looking at volume dysregulation in the hypertensive population 

can also be valuable in looking at patients with repaired tetralogy of Fallot- a population 

which has also grown exponentially in recent decades, but for much more favorable 

reasons: improvement in surgery and other therapies that prolong life. Patients with 

repaired tetralogy of Fallot experience volume dysregulation as a result of persistent 

pulmonary insufficiency - a result of the congenital anatomic defect. Pulmonary 

regurgitation increases over time, though not at a uniform rate in all patients. Standards 

are lacking for following patients and predicting when each patient would best benefit 

from pulmonary valve replacement. A better understanding of the physiological traits of 

patients as pulmonary regurgitation increases would lead to more uniform and efficient 

·methods of tracking patients over time. The purpose of our second investigation was to 

show that some patients show impaired hemodynamic regulation in the form of non-

dipping (impaired nocturnal decline in blood pressure), with related impaired ventricular 

function. 
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II. INTRODUCTION: Non-dipping After Repair of Tetralogy ofFallot 

A. STATEMENT OF A PROBLEM 

The success story of tetralogy of Fallot- the most common cyanotic congenital heart 

defect - has presented a new dilemma all its own. 1
'
2 Thanks to advancements in surgical 

procedures in the 1980s and 1990s, morbidity and mortality of this lesion have been 

significantly reduced. Unfortunately, patients with repaired tetralogy of Fallot often 

experience right-heart volume overload due to residual pulmonary outflow obstruction 

and pulmonary regurgitation, with a significant portion of these needing further surgical 

repair to prevent right-heart failure. 3'
4 These patients are managed by their physicians in a 

state of cardiovascular stress, striving for a balance between pharmacological and 

surgical intervention. If surgery is postponed too long, the myocardium will undergo 

significant remodeling and cardiac failure will progress in spite of relief of volume 

overload. Surgery too early is considered an unnecessary risk, and increases the 

likelihood of repeat surgeries later in adulthood. 5'
6 Current research seeks to describe the 

growing population of patients with repaired tetralogy of Fallot who have and will be 

reaching adulthood: to find better ways to track their progress, and to possibly better 

predict which patients will need repair and when.· In fact, there appears to be a dichotomy 

in morbidity among patients with repaired tetralogy of Fallot: while repair may carry 

some patients well into adulthood, other patients begin a significant functional decline in 



adolescence, and require intervention much earlier than their peers. Though some key 

factors have been identified as predictors of impending heart failure (rising BNP levels, 

decreasing ejection fraction), no mechanism has been identified to explain why some 

patients develop hemodynamic abnormalities and symptoms faster than others. This 

study tested the hypothesis that blood pressure dysregulation in patients with repaired 

tetralogy of Fallot- in the form of elevated nocturnal blood pressures - is related to 

decreased ventricular function. The condition has been linked to right ventricular 

function, 7 and may play a role in the decline of right ventricular function in certain 

patients with tetralogy of Fallot. Elevated nocturnal blood pressures have been well

correlated to increased cardiovascular morbidity and mortality, especially in hypertension 

but also in diabetes and other chronic cardiovascular-related disease states. 8'
9 Impaired 

nocturnal dipping may be a clue to masked autonomic dysfunction in patients with 

repaired tetralogy of Fallot, and subsequently a marker for patients requiring intervention. 

4 
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B. REVIEW OF LITERATURE 

TETRALOGY OF FALLOT 

Though variations occur, a diagnosis of tetralogy of Fallot is based on the presence of 

four defects: (a) pulmonary stenosis; (b) a ventricular septal defect; (c) an over-riding 

aorta; and (d) right ventricular hypertrophy. 10 The defect occurs early in fetal 

development. The heart begins as a tube of specialized cells, capable of contracting to 

push blood through the developing cardiovascular system. The heart becomes a complex 

4-chambered organ through a complicated loop and twist, and rearrangement of walls. 

The common outflow tract is divided into the pulmonary trunk and aorta by a septum that 

forms from two endocardial 'ridges': cells grow out to meet each other, forming a wall. 

This wall twists within the tube. If the base of the wall forms too far to the ·right, the first 

three defects oftetralogy·ofFallot are formed: over-riding aorta, pulmonary stenosis, and 

the ventricular septal defect. Pulmonary stenosis occurs when the opening of the 

pulmonary valve or the area just below it is narrow. A ventricular septal defect is a hole 

in the wall between the left and right ventricles; it allows oxygen-poor blood from the 

right to mix with oxygen-rich blood from the left. In the case of tetralogy of Fallot, the 

ventricular septal defect occurs at the top of the septum, where a membrane should 

connect the muscular septum to the septum that divides the outflow tracts. An "over

riding" aorta is enlarged and is positioned over the ventricular septal defect, allowing the 

oxygen~poor blood from the right ventricle to bypass the pulmonary arteries (and lungs) 



·:.·.and ·circtdate. to. the ·body .(Figu~e.l, WWyv ,nli_ibiinih.gov Y. ·This· interrupts :the e"rficient. ·. · . ·: · 

. trati~fer· .of.deoxygeriated ·blood to· the· ·hmg~ ·~or .ga~: .exch~g~, ·and :inc.rea~es the .pre ssW"~ ·: ·: : 

.:. ·load on the right ventricle.· Ah;o? th~ bi"o~d·traveling:t6the coronary-arteries.d6es no~·. 

: . co~tain the usual. high oxygen content, and ·can :restrict the cap'acity ofthe oyer-taxed. . 

:myocardium .. · Gyanosis.is the bh.lish: color seen in the. skin as .a result .of poorly · .. 
- - . . . . ' . . . . ' . . . . .. 

: .. :: .. :. bxygen~ted blood in circula,tion.. . . 

.. e·. Heart with teiralogy of· FaJiot 
Partlal·obstructloo · · 
(stenosis) of right 
vontoc.ular outflow . . · 

and ... 
pulnlonary v~lvo 

·. •. Figure 1 .. An~tomy ·of A) a . .nonna] heart ~uid. B) a heart with •tetralogy. of 
· Fal:lot(~;nhlbi~njh.gov) · · · · · · · · 

. . . Under n~iinal.cori.ditions;• the. vasc~latur.e. of the lun.g·s• is .a 1ow~pressure. system, so• the: . 
. . . . . ' . 

. :. right.ventricle.:normallyneeds·very little force to move:blooq through. ·In tetralogy of · 

· : · Faliot, the •righ~ ventricle ·must pump .against .the·narrowed pillmpnary outlet ~nd against 
. . . . . ' . . . . . 

.. 'highe~'press:ur~s. ofth~'body (througli the'ventdcular: s~ptal defest and ov:erridil1g aorta)~ .•. 

.. : : . Right yeritricular hypertrop~y isthe growth of the heart mus~le)n the r~ght vel).triclein . . 
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response to these elevated pressures. Prolonged hypertrophy eventually causes decreased 

systemic oxygen transport and circulatory insufficiency. 

SURGICAL REPAIR 

Tetralogy of Fallot was the first congenital heart defect repaired surgically, over fifty 

years ago. 11 Previously, a palliative shunt (Blalock-Thomas-'fausig) was put in place 

between the subclavian and pulmonary arteries during the first 5 years of life, and 

complete repair was performed by opening the right ventricle between ages 5-l 0 years. 11 

Today, shunts are still occasionally performed, but most repairs occur in the first year of 

life, and almost all by the age of 5 years. The procedure includes closure of the 

ventricular septal defect through the atria, to separate the oxygenated and deoxygenated 

circulations in the heart. Transatrial repair reduces trauma to the ventricular conduction 

system and reduces the incidence of arrhythmias. 12 In most cases, the right ventricular 

outflow tract must be expanded either by a conduit or a transannular patch (placed at the 

annulus of the pulmonary valve). The use of transannular patches has been significantly 

reduced in favor of less destructive palliations, because the associated morbidity and 

mortality have been shown to be worse for patching, by comparison. 12 

F AlLURE AFTER REPAIR 

Unfortunately, no surgical technique provides a perfect cure. When the right ventricular 

outflow tract is expanded, the native pulmonary valve is no longer sufficient to stop the 

7 



backflow of blood after systole. Blood is able to flow back through the insufficient 

pulmonary valve or conduit. In some patients, this regurgitant flow never reaches clinical 

significance; in others, volume overload develops. 13 Volume overload in patients with 

tetralogy ofFallot is related to ventricular arrhythmias, congestive heart failure, and 

sudden cardiac death. 3 Because prolonged volume overload can also cause irreparable 

damage, 14 another palliative surgery is required to replace the pulmonary valve, bringing 

an additional set of problems: the artificial valve represents a foreign body that can 

harbor infections; patients may need to continuously take blood-thinning drugs; the 

lifespan of the valve is limited, and repeat surgical procedures may be necessary. 

While tetralogy of Fallot and many other congenital cardiac defects were originally 

treated as purely anatomic defects, studies are begimiing to show that the cardiovascular 

system is more globally affected. For instance, Lutin et al showed that a fetus with 

congenital heart disease already shows hemodynamic dysfunction, where the fetus was 

previously believed to be protected by the mother's circulatory system. 15 Further, 

hemodynamic defects can be seen in the chick model of truncus ~rteriosus (a severe 

conotruncal disorder, developmentally similar to tetralogy ofF allot) before the anatomic 

defect has developed (Lutin, unpublished), indicating that the anatomic defect may in fact 

be due to hemodynamic insufficiency. If true, this hemodynamic dysfunction may 

continue, masked by compensatory mechanisms of the cardiovascular system. 

8 



TYPICAL ASSESSMENT OF PATIENTS 

Once repaired in infancy, the typical patient is followed annually by a pediatric 

cardiologist. The physician uses a physical exam and clinical tests to assess the patient's 

cardiovascular· status and circulatory reserve. The tools selected for this study include 

those used in most cardiology clinics in the United States: echocardiography, 

electrocardiography, and exercise tolerance testing. Some groups also incorporate 

measurement of plasma brain natriuretic peptide (BNP, a hormone released by the heart) 

to assess diastolic function. This peptide is release from the ventricles in response to 

increased volume and pressure load. It works to relax vascular smooth muscle and 

decrease plasma volume by stimulating sodium and water excretion in the kidney. 

Changes in this hormone have been shown to predict decreasing cardiac function and 

congestive heart failure. 16 

Echocardiography 

The left and right ventricles are assessed visually by echocardiography, and ventricular 

volumes are measured using algorithms such as Simpson's biplane method. Many 

measures are used to quantify ventricular function, including stroke volume ·and ejection 

fraction. Offline analyses such as speckle-tracking and velocity vector imaging are 

gaining popularity, as well. These techniques allow imaging that is not dependent on the 

angle of the transducer and is less dependent on ventricular geometry. 17
'
18 
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Velocity Vector Imaging 

The right ventricle is difficult to image and difficult to measure for volume:and function, 

because of its irregular shape; even more so in patients with tetralogy of Fallot due to the 

anatomy of the defect and the results of cardiothoracic surgery. Velocity vector imaging 

is an analytical tool that tracks features between 2-dimensional echo frames. This 

technique does not depend on the angle of the ultrasound transducer. Off-line, the 

ventricle is traced with user-defined points. The software then adds points and tracks 

movement throughout the cardiac cycle. The software then divides the ventricle into six 

segments, and averages the motion of trace-points within each segment. Time-to-peak

the time for a parameter to reach its highest magnitude during systole - is reported for 

displacement and velocity (tangential and radial), strain (the amount of deformation of 

tracked tissue), and strain rate (rate of deformation, in milliseconds). Strain and strain rate 

are valuable because they are a measure of tissue relative to Surrounding tissue 

markers. 17
'
19 In addition to time-to-peak data, the SyngoDynamics software provides 

phase infoimation: duration of motion within the six segments is averaged during systole 

and diastole and plotted as a sine wave. A sine wave is then calculated for each 

ventricular segment, and plotted relative to the average. A positive phase value represents 

delayed motion, and a negative value represents early motion. Segmental ejection 

fraction is also reported. A variety of algorithms exist, proprietery to the companies who 

manufacture the tracking softwares. A study comparing the software analysis programs 

EchoPAC and SyngoDynamics show that time-to-peak data are measured more 



consistently between packages than the magnitudes for each parameter. 17 Velocity vector 

imaging has been used to assess the right ventricle in dobutamine stress- a procedure 

that mimics exercise stress - and in one exercise study (standard Bruce treadmill 

protocol) in a population of healthy adults. The latter study showed an increase in right 

ventricular ejection fraction and strain rate in response to exercise?0 

Electrocardiography 

Electrocardiography (EKG or ECG) is a quick, noninvasive and inexpensive way to 

assess heart rhythm and estimate ventricular enlargement that is often used for identifying 

significant changes in seemingly stable patients. Electrocardiography also indicates 

conduction abnormalities such as right bundle branch block, a common condition in 

patients·with tetralogy of Fallot. In general, bundle branch block is associated with a 

delayed QRS noted on electrocardiography (the "QRS wave" represents the stimulation 

and relaxation of the ventricle on an ECG). After the electrical stimulus passes through 

the atrioventricular node, it splits along the right and left specialized electrically

conducting muscle bundles or branches to serve the respective ventricles. A delay (or 

"block") of this conduction is related to interventricular and left ventricular 

electromechanical delay, septal-to-posterior wall motion delay, and time-to-peak velocity 

variations. Clinically, right bundle branch block is defined as a QRS interval > 120 ms for 

ages_16 _and above;> 100 ms below age 16.21 Ghai and colleagues found that a delay of 

> 180 ms combined with "significant" left ventricular dysfunction is related to sudden 

11 



cardiac death?2 Right bundle branch block and other forms of dysynchrony are treated 

with.cardiac resynchronization therapy: a specialized pacemaker restores the normal 

pattern of stimulation and contraction. The criteria that govern selection for 

resynchronization have poor sensitivity and specificity, which may allow some patients to 

be treated unnecessarily, or may postpone treatment for others who need it.23 A better 

understanding of how right bundle branch block effects ventricular function would lead 

to more effective guidelines for therapy_24 

Exercise Testing 

In addition to understanding cardiac function and capacity at rest, physicians must also 

assess the abiiity of the heart to respond to stress. Clinical exercise stress tests are less 

expensive and a more accessible way to stress-test the heart compared to dobutamine 

stress test. The submaximal exercise stress test protocol is part of the standard of care for 

following ventricular function in patients with repaired tetralogy of Fallot, especially in 

children and adolescents; therefore, it was a practical tool for this study. The Bruce 

protocol is considered safe for children as young as 4 years.25
,
26 

Ambulatory Blood Pressure Monitoring 

One simple cardiovascular measure that has not been widely utilized in this ·patient 

population is assessment of blood pressure regulation. The obvious anatomic defects

both original and residual - have not been directly related to blood pressure by cause or 

12 



effect. Also, anecdotal and experimental evidence confirm that blood pressure is not 

elevated in patients with tetralogy ofFallot.27 However, no studies address regulatory 

blood pressure patterns. Normal circadian regulation involves a decrease in blood 

pressure of 10% between day and night means. Optimal day and night blood pressures 

are 120/80 mm Hg and 100/65 mm Hg, respectively; normal blood pressures are 130/85 

(day) and 110/70 (night)?8 Ambulatory hypertension is diagnosed if blood pressures 

exceed 140/85 mm Hg (day) or 120/70 mm Hg (night)?8 In the setting of elevated 

nocturnal blood pressure, increased demands are placed on the heart and other target 

organs?9 A decline in systolic blood pressure of less than 10% is defined as 'non

dipping', a condition which is associated with worse outcomes after cardiovascular 

events in normotensive and hypertensive populations, especially those with chronic 

cardiovascular illnesses.30
'
31 The mechanism of damage from non-dipping is not clear, 

but it has been linked to right ventricular hypertrophy in hypertension 7 and may play a 

role in the decline of right ventricular function in certain patients with tetralogy of Fallot. 

Brain Natriuretic Peptide (BNP) 

First isolated from brain tissue, brain natriuretic peptide (BNP) is released primarily from 

the ventricles under conditions of pressure and volume overload. Under normal 

conditions, BNP and its atrial counterpart (ANP) regulate blood volume (natriuretic 

effect) and blood pressure (vasodilatory effect). Plasma BNP is released from ventricular 

cardiomyocytes in response to elevated volume or pressure load. It is used as a marker of 

13 



cardiac function in the management of congenital and acquired heart disease. The 

purpose. of BNP is to decrease the work of the heart by causing salt and water excretion. 

The natriuretic hormone is elevated in patients with tetralogy of Fallot, at rest and with 

exercise, compared to healthy controls. 32 Plasma BNP levels rise as patients approach 

pulmonary valve replacement (in concert with increasing ventricular dysfunction), and 

levels begin to decrease after surgery (function improves after relief of the excess volume 

load). 16 Plasma BNP levels have been shown to correlate with decreased exercise 

capacity in adolescent patients with repaired tetralogy of Fallot. 33
'
34 Individual levels of 

BNP in both patients and controls have significant cross-sectional overlap, so the marker 

does not show an immediate picture of function. Longitudinal observation revealed that 

plasma BNP could be a valuable marker of changes in right ventricular overload, 

influencing timing of pulmonary valve replacement surgery. 16 Under conditions of 

increased volume or pressure load, the heart attempts to reduce its own work load by 

influencing the remainder of the cardiovascular system through peptides (such as BNP) 

and the autonomic nervous system. Therefore, plasma BNP is a commonly-used marker 

of heart function. Originally thought to indicate systolic dysfunction only, BNP is now 

known to signal many variations of cardiac pathology.35 Plasma BNP has been shown to 

be generally predictive of cardiovascular disease at levels above 100 pg/ml. 36 

Additionally, BNP has been shown to be a predictor of sudden cardiac death in patients 

with congestive heart failure. 37 Baseline BNP levels are higher and increase more 

dramatically with stress in adolescents with tetralogy of Fallot compared to healthy 
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controls. 33 In fact, Brili et al showed that echocardiography and plasma BNP together 

allowed a blinded panel to easily distinguish between patients with tetralogy of Fallot and 

healthy controls. 38 

The current study sought to characterize non-dippers in a population of 20 children and 

young adults (ages 1 0-28) with repaired tetralogy of Fallot. If ambulatory blood pressure 

can be used to. identify underlying autonomic dysfunction, in the setting of right 

ventricular dysfunction, this simple tool may contribute valuable information to 

physicians determining the timing and type of pharmacological and surgical intervention 

for these patients. 

III. MATERIALS AND METHODS: Non-dipping after repair of tetralogy of Fallot 

SUBJECTS 

This study recru~ted 20 patients with repaired tetralogy of Fallot between the ages of 10-

30. This study utilized a repeated measures design, in which patients were their own 

control. As defined in Table 1, the patient population consisted of 20 patients with a 

diagnosis of tetralogy ofFallot, repaired before age 5, with no greater than NYHA Class 

II (mild) heart failure and not taking anti-congestive medication. Two populations 

(Control Echo and Control ABPM) were used for comparison. The Control Echo 

population consisted of 20 healthy adolescents and young adults (ages 11-30). The 

Control ABPM population consisted of 285 healthy adolescents (ages 15-19) who were 

15 



assessed by ambulatory blood pressure as part of a separate protocol. This protocol was 

approved and overseen by the Institutional Review Board at Georgia Health Sciences 

University (HAC 110 1146). 

Table 1. Inclusion and Exclusion Criteria for Recruitment of Patients with repaired Tetralogy of 
Fallot 

Inclusion Criteria 

10-30 years old 
Diagnosis of tetralogy ofFallot (with and 

without syndromes) 
·surgical repair was performed before age 5 

Exclusion Criteria 

Complex congenital heart disease 
Surgery for tetralogy ofF allot performed after 5 

years of age 
< 10, > 30 years of age 
Congestive Heart Failure, NYHA Class ill or 

IV 
Inadequate motor skills 
Anyone in whom exercise is contraindicated 

NYHA: New York Heart Association; Class III or IV = significant cardiac symptoms with 
minimal exertion or at rest 

PATIENT RECRUITMENT 

Subjects were identified from the pediatric cardiology clinic at the Children's Medical 

Center of the Georgia Health Sciences University. All patients deemed "healthy enough 

to participate" by a pediatric cardiologist and possessing the motor skill to complete the 

exercise test were recruited as subjects, regardless of sex, race, or other cultural factors. 

Consent was obtained by the principal investigator from the potential subject and a legal 

guardian (ifthe subject was less than 18 years of age) at the pediatric cardiology clinic. 

Individuals were allowed to participate with New York Heart Association (NYHA) class 

I or II heart failure (mild to moderate shortness of breath, angina, etcetera with 

exertion39
), per physician approval. Anyone with greater than mild heart failure (NYHA 

16 



.:_·_Glass Ill or.IV),_o.r il1.w~on1_a.p.:~x;er~ise·t~st~as.contraindic~t~d-,_ was not allowe-~_to·_ . _:. 

·: . -parti_cipat~in.-:t]Je·e~erci~e:protocolofthe study~40 ·Allpoten#al s~bJ~cts .~d~~ent :_·.·. 
. . 

-physician assessment ofcatdiac.furtction at rest with.auscultation,- history; 

. : -~lectrocardiogni~:and echocardi<?gram·. 'Signific"~i arid relevanthealth inf~nnation 
. . . . . . . . 

]eamed_aboU,t a subject as a result of:partlcipat~rig in"t~s·:study ~as co~Unicat¢d tothe::. 

. . . . 

· indiyiduals. (no hist(jry of ~oP:gertital· or acquired· cardiac· dise~se} wa~· recruit~d .for: . 

·. · echoC~diography to optain CO_~pariSOJ1· data~ 

... :. EXPERIMENTAL.PROTOCOL· 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . - . . . . . . . . . . . . . 

. : . the. fir_st blood sample :was col~ected: at rest,. an~· then: ~-exer~ise: str~~s :test was: 
. . . ' . . . . . - . 

· ·performed ·using the: rtiodifie_d ·Bruc·e:protocol. ·subjects. ·were :encouraged to ·reach arid · .. 

. . ·. ·:. : 'surpass 80:%:.oftheir:predicted max heart rate, buttesting was s~oppedi~ediately:if:a. 

: subJ~ct expe~ieti~ed" "cardiovascular symptoms. lirimediate~y after: the :e~ercise. was .. 
. . . . . . . . 

. :. terniinated,. th~: .patient: lay sup~ne· on: a ~ed; next to the treadmill, for. echocardiograhpic :: .. 
-· -· 

·i~aging._A._.second blood sample wasdrawn~atthis.titne~-~ubjects_r~cover~dfor 3q: ._:·:- · .· 

·_::· minut~s in_a seated·position; and drank.4 ounces of. water ot a_ sport$ ~fink. A third bloo~ . 

. sample .~d·a:·final:blood pres·sur~:measure~ent we!e takeilafter_recovery.(Figure2)~ ·: 
. . . ... 

.. Screening:~ . 
· : __ ·Consent 

. · ·. · Restfug· ....... ··. 
. -. ·:Bcho 

.. -: · Exercise. . :-+ . 3Q~miriute :·. -... ~btilatqry. · .· 
·. · Study':·.:_ · . : ·. :Recov_ecy. . Blood 

Blood:·· · ·.Repeat Echo.·· · · · · Blood · · ···Pressure· · 

Blood·· 

·. ·: :_ -~igure:2.:Experimental:Desi~ ·: • · 
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·:_ .. EXERCISE:TEST 

. - . - . . . - ' . . - . . . . - . . . . - .. 

. . . . : · .. The: e~~rci~~ .st~~ss· test was peiform.ed ;~sing. the _modified B~~e. protocol.41· .Briefly;. as·:·. 
- . . . . . . . . - . - . - - . . . - . . . . - . . . . - . . . . . . - . - . . . . . . . . . . . . . - - . - . . . . . . - . . . . . . 

. : ·patf~nts·.:wa1ked/rai1 on a treadm~n,: the pace and incline were. increm~ntally: ii)creased: . 
. - . . . . -

. :every 3 ·minute's; The Bruce ·pro~ocol is. considered safe for child~en. as. Y<?llliR as· 4 . 

· : ·years?5;76 Qu!~ton~·Q Str~s~ (Version:3.51'for \Vindows XP Profe~sio~al~::Kaiser ·: · .•. 

. :p~rin~ente:Caf.diac:Sciet?-ces_Corporation, WA,::usA).was used: to manage the.exerCise ·: . 
. . . . . . . . . . - .... 

. . . . :. protocol and' monitor 12~ lead electrocardiogr~ during :baseline, 'e~ercise;. ~cl a. 5;,miill~te . . 

re~over)r~:Tango· (~UilTe~h, ;Resea:rch:Triangle Park, NC~ 1JSA) was usedtp J;iionitor .. >· · . 

. ::· blqo~_pr~ssures duringthesame :(letiod~. _SubJects \Yere_encomagedto teach and slifp·~ss· 
· >: .. :80%. :of their predi~t~(f mrur heart .rat~~ 42 .Ho\\'ever ,: the: tesfwas te~nated. by :the.: · : · : · 

. . . . . . . . . . . . 

· .sup~l'Vising_pediatric .c:ardiologist if the following criteti~ .w~re·:met:· subj~ctreaches·a:. ·' 

· : tatg~t heart rat~;: subject:compl~ins.ofchest pain; dysp~e~{oti:e~e.riioi), exhaustion~· i~g-·or: ·.: · 

. _rtuis_cie fatigue~ dizziness~ general we~ess; or' any othe~ 'signifl~ant· _cardiac -sympto~; .. 

: irregular rhytiD.ri was seen on 12-lead~electroc~diogr~.: .· ·. 
. ' . . . . . . 

· . ECHOCARDIO.GRAPHY 

. . . - . . . . . - . - . . . . . . . - . . . . 

:_·_usiijg··.Acuson-Sequoia:c~s12_(Softw~e-Revision_12_:~·21,_Sei~-e~s, M_olintairi_V.iew,·cA.~ .. 

-USA), w~th'th~ patient lying inthe:le.ft lateii(decubitUs po~ition,_ atid.iasting·~bout 20· . 

. :_.minutes. ·M ... niode imaging; 2-D.Simpson~s ·biplane; and velocit'y.vector:'imaging were· 



. . -

-: .. _used _to· a~sess-wall motion ~d .function· of t~e -right and-left ·ventricle-s_ .. The . 

· · . nieas~e~erits 9(V.e~tric~lat" fupctio~- -a~dt~s~e4 -iriclude -rig~t_ -~d l~ft_ ·ej_ecti~n- :rractip~~ ... 
. . . . . . . 

. :- . end .. systolic .volume, end ·diastolic volUme, and left and ·right .ventricular wall _motion ... 
. . 

· -synchrony.- Little_ ref~rence- data. for qliantificatio~ ·of right· ventricular: enlargement· exists~ . · • 
. . . 

. : _ :For the purposes of this :study, right ·ventricular ¢rilatgenient ·was::defiried:as a ratio of: 

·- ·: _ . : _ tight to_ left ve11tticular :volUmes gre(iter than _1. (RV/I:;V > -1 ), :as :measlired -using:_ • · -

-Sitnpson'.s })iplane_. R.ightl?~dle_?r~chhl9~~ -was ~~fined_ a~. a Q~S:interya~>-120 -~~-- · 
. . . . . > for-~g~s 16-~d-abov-e;:•>too:m,s .bel~w;:age 16~_21 .Plil~qnary-~eg~git~ti9~ was qe~cr~beq·. 

. . 

_as: none, mild; moder~te, or-severe, as: e':8:luated by the 'interpreting :phy·s~c_ian.: Septal.· : · · 

. . . . . . . . . . . . . . . . . . . . . 

V ~loc_jty v~ct()r imagittg w~s il~ed to a~·sess -sy11chrony _of wan· JJ!Otion in patients with_ .. 

: ·.--::. :~epai~ed_ t~tra~ogy ofFal~ot, -v-ersuS:controls. -Analysiswas.dorie: o_n off~line: ~mages; ~siiig. _: · 

.-_ .. :.the.AcusonSequoiaC~512-(Software Revision: i2.22l;:.Seimens-, M~untain View,_CA, .: 

:_··:.·- . -:UsA). _Fitst,:.th.e:~ent~icl~·.is-~~aced;t~en-the-~_oftware __ pr_ogram:ad~s:_additiona~-trackl~g: 

. points: ~he -points are tr~cked throughout a 'cardiac cycle, ·with the ve~tri~le 'being ·divided. 

- · · · . : _ : · qy th~ conipu~~r• into: 6 :segments::. basal~ middle: anq: apical seginents o~ the· · · -: ·_ : ·: -· 
.. .. .. .. . .. .. .. .. .. 

:intetventricuiar:septiun (i, ·2,3_respectively):andth~:posterio~ fre~ wall(4~ 5~· 6. 

resp:ectiveiy) (Figure.3): ·Motiori during ~ystole_~as. use.d ·by the. ~oftw~e t~-_calculate:. :: 

tim~~to~pe$ :str~in, _~train: rate,- arid tang~nti~l and :radial·~elo:cities~ Motion :.thr:oug~o-~t- · ·: 

--.: ~ the cardiac_ ·cy<;le ·is us~d to c~llculate phas-e, a. ip.easure ~f synchrony~ iv16tion w~s . 

:~eas~~-d ~d ente~ed in.to:the Pi-dprietary:algorithm-for al1:6-s¢gments of the-ventricle: .. 
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·.::· thr.oughoufsystole .and diastole:~ The.segments.were.tlien averaged, plotted as a•sine.· .. 
. . - . . . . - . - . - . . . . . . . . . 

. . . . . - . . . . . . . . . . - .. 

. · _.wave~ and:established as a:'-zero.point' for ¢oinparison._The_ 6'segme~ts_wet_e ~hen··: · 

.:_ -~ompar~d tQ the.average,-to.detenninewhethet·movement was.:synchronous .. A:n~gative .. · 

· :phase value.indicated·~ari~-peak~otion; :a·positiv~-phasevalue:indicated delayed pe*: : ·: •- · 

·motion.-:· 

·. Figure·3. ·Representative· velocitY vector·iinaging·tiine-to.-peaktangential·velocity .. · 
. analysis (the heart' i~ .divided: inio 6 'segments; av~rage tim,e;.to~p~ak~: pha~e ~rid perc~nt of : ..... :. . . 

. : ph~se is: reported for-each segment):'- . . . . . . . .. 

·.middle or basal septal segments was.out of phase with the remainder.ofthe leftventr1Cle. 

- . . . . . . . . . . . . - . - . . -. . . . - . - - - . . . . . . . . . . . - . - . . . . . . . . - - . - . -

.::. qualified_ aS having dysy~chtony of left' ·poste~O'r free -~all motio11: if movement: ·a~ the ... : .. 

}ll~d41~ or basal free ·wall-segments: was out of phase with the· remai~der_ of the: :ie(t. : .... : .. 
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ventricle (Segment/Average* 100%): mild= difference of 1-5%; severe: >5%. The apex 

of the heart was not clearly imaged in many subjects, so synchrony was established based 

on motion of the middle and base (segments 1 and 2) of the septum. For comparison, a 

population of20 healthy adults, ages 11-35, were recruited for echocardiographic 

evaluation. 

VENIPUNCTURE 

For patients who assented and consented to blood drawing, a venipuncture was 

administered using a butterfly catheter for withdrawal of blood to measure changes in 

plasma BNP and nitric oxide levels in response to stress. Blood was collected in 

vacuumed containers containing EDT A. A maximum of 4 mL of blood was collected at 

each time point. The sample was centrifuged within 10 minutes of dtaw, then 

immediately submerged in liquid nitrogen. 

AMBULATORY BLOOD PRESSURE MONITORING 

The ambulatory blood pressure monitoring equipment was given to the subject after the 

exercise protocol was complete. All subjects were instructed on the use of the ambulatory 

blood pressure monitor (Space Labs, Issaquah, WA, USA). The monitor was 

programmed to record every 20 minutes during the day (08:00 and 22:00), and every 30 

minutes (22:00 and 08:00). For analysis, transition periods were eliminated. For mean 

systolic blood pressure during the wake period (SBPw AKE) measurements taken between 
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08:00 through 20:00 were averaged; during the sleep period (SBPsLEEP), measurements 

taken between 00:00 through 05:00 were averaged. Dipping status was determined by the 

difference between SBPwAKE and SBPsLEEP, with-dipper being a decrease of2:10% 

(normal) and non-dipper being a decrease of <1 0% ( abnormal)?9
'
43 For comparison, the 

percentage of non-dippers was assessed in a population of 285 normotensive, healthy 

adolescents, aged 15-19. 

BIOCHEMICAL ASSAYS 

Brain natriuretic protein (BNP) was analyzed using chemiluminescent immunoassay 

(reference rage 0-100 pg/ml) (Advia Centaur, Bayer Diagnostics, Tarrytown, NY, USA). 

The assay had a within-run coefficient of variance of 1.8-4.3% from 29.4 to 1736.0 
. . 

pg/ml. 

Nitrite and nitrate concentration were analyzed using the E-N020 HPLC system (Eicom, 

Kyoto, Japan) as previously described.44 Briefly, nitrite/nitrate were extracted by taking 1 

part plasma: 1 part 100% methanol, vortexing and centrifuging at 10,000g (4°C) for 10 

minutes. The supernatant from this was run on theE-NO system immediately. All 

values were compared to a standard curve of nitrite/nitrate (0 to 2000 pmol, 10 point 

standard curve). The sum of nitrite plus nitrate was reported as NOx. 
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DATA ANALYSIS 

Data was analyzed using IBM® SPSS® statistical software Version 18 (Chicago, Illinois, 

USA), including t-tests comparing experimental versus control groups. Pearson 

correlation coefficients were used to determine associations between variables. Statistical 

significance was set at p<O.OS. 
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IV. RESULTS: Non-dipping after repair of tetralogy ofFallot 

The repaired tetralogy of Fallot patient population (rTOF) included 20 patients who were 

repaired before the age of 5 years (Table 2). Age, body mass index (BMI), and blood 

pressures (SBPwAKE, SBPsLEEP, DBPwAKE, DBPsLEEP) were not different across sex or 

race. 

Table 2 .. Demographic data of the repaired tetralogy ofF allot population (Mean± SD) 

Dipper (N=8) Non-dipper (N=12) 

Age, years 17 ± 3 18 ± 6 

Race 
7 Caucasian 5 Caucasian 

1 African Am. 7 African Am. 
Sex 4 boys, 4 girls . 8 boys, 4 girls 

BMI, kg/m2 26.2 ± 6.5 24.1 ± 7.6 

Dipper - normal systolic blood pressure drop > 1 0% from wake to sleep; 
Non-dipper -less than 10% decline in systolic blood pressure with sleep; 
African Am -African American; BMI- Body Mass Index 

AMBULATORY BLOOD PRESSURE 

Mean ambulatory daytime values (SBPwAKE, DBPwAKE) were not significantly different 

between dippers and non-dippers within the rTOF population (Table 3). Mean values 

were 'optimal' (<120/80 mm Hg) for SBPwAKE for both dippers and non-dippers. No 

individuals met the criteria for ambulatory hypertension (> 140/85 mm Hg), though 

several non-dippers were above the threshold for normal (110/70 mm Hg) for SBPsLEEP·28 



Table 3: Ambulatory blood pressure data from patients with tetralogy ofFallot 

Mean±SD 
Dipper (N=8) Nondipper (N=12) 

SBPwAKE, mm Hg 145±8 116±10 

DBPwAKE, mm Hg 68±6 68±6 

SBPsLEEP, mm Hg 99±9 112±10 

DBPsLEEP, mm Hg 54±6 62±7 

Values given are Mean±SD; Significance was set at p<0.05. 

Differences 

t=-0.334, p=0.742 

t=0.070, p=0.945 

t=-3.060, p=0.007 

t=-2.406, p=0.027 

N: number of subjects tested; SBP: Systolic Blood Pressure; DBP: Diastolic Blood Pressure 

A population of 285 healthy, normotensive adolescents (Control ABPM) was used for 

comparison on ambulatory blood pressure data (demographic values were missing for 

some control subjects, Table 4). Non-dipping was defined as a failure of nocturnal 

systolic blood pressure to decrease by at least 1 0% between wake and sleep means, 

excluding transition periods (see methods). By comparison, 60% (N=12/20) ofrTOF 

were non-dippers; 40% (N=l15/285) of Controls were non-dippers. Race was 

significantly different between dippers and non-dippers in both populations: tetralogy of 

Fallot (i-=4.201, p=0.040) and Control ABPM (x2=6.598, p=O.OIO). 

Table 4 .. Demographics of repaired tetralogy of Fallot versus Control ABPM populations, by 
race, sex, dipping, and BMI 

Black White ? BMI 

Girls Boys Girls Boys ? <25 2::25 

rTOF D 1 0 3 4 4 \ 4 

ND 1 6 3 2 8 4 

Control D 48 44 35 32 11 109 46 

ABPM ND 27 21 31 35 1 83 31 

? - Demographics Unknown; rTOF -patient population of repaired tetralogy of Fallot; Control 
ABPM- 285 healthy black and white adolescents, aged 15-19, comparison of ambulatory blood 

. . 

pressure monitoring (ABPM) data; BMI- Body Mass Index; Dipping- failure of systolic blood 

pressure to decrease by 1 0% with sleep 
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CARDIAC FUNCTION 

Using Simpson's Biplane, neither right ventricular (RV) nor left ventricular (LV) 

volumes were different between dippers and non-dippers. However, stroke volume (SV) 

and ejection fraction (EF) calculated from Simpson's biplane were significantly lower in 

non~dippers versus dippers: RV SV (t=2.392, p=0.028), LV SV (t=l.202, p=0.245); RV 

EF (t=3.484, p=0.003), LV EF (t=0.520, p=0.609) {Table 5). 

Table 5: Resting cardiac function in patients with repaired tetralogy ofF allot 
Dippers Non-Dippers Student's t,.test 

QRS Interval (msec) 133±41 138±28 t=-0.380, p=0.708 
LV ESV, ml 58.4±25.7 55.8±23.3 t=0.227, p=0·.823 
RV ESV, ml 54.1±49.5 55.4±33.5 t=-0.069, p=0.946 
LV EDV, ml 132.3±55.2 116.6±31.9 t=0.808, p=0.430 
RV EDV, ml 129.0±79.0 . 101.0±34.4 t=l.098, p=0.289 
LV Stroke Volume, ml 73.9±31.6 60.8±17.6 t=l.202,p=0.245 
RV Stroke Volume, ml 71.1±38.8 41.8±14.7 t=2.392, p~0.028 
LV Ejection Fraction,% 55.5±5.6 53.2±11.9 t=0.520, p=0.609 
RV Ejection Fraction,% 57.1±7.6 42.8±9.7 t=3.484, p=0.003 
QRS- interval of ventricular stimulation; LV -left ventricular; RV- right ventricular; 
ESV -End Systolic Volume; EDV -End Diastolic Volume 

Complete right bundle branch block was present in 6 dippers, and I 0 non-dippers. Right 

ventricular enlargement was present in 3 dippers,. 6 non-dippers. The QRS duration 

(measure of right bundle branch block) was not significantly different between dippers 

and non-dippers (t=-0.380, p=0.708), nor was the frequency of right ventricular 

-,_ enlargement (t=0.025, p=0.917). Pulmonary insufficiency (Table 6) was not significantly 

related to nighttime blood pressures. The frequency and severity of regurgitation were 
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well distributed between dippers and non-dippers, with the two severe cases of 

regurgitation being dippers. 

Table 6: Frequency of Pulmonary Insufficiency Among Patients with Repaired Tetralogy of 
Fa,llot 

None 
Mild to 

Moderate Severe 

Dippers 1 5 2 

Non-Dippers · 2 9 0 
Dippers - systolic blood pressure decreases by > 10% with 
sleep 

VELOCITY VECTOR IMAGING 

Synchrony and wall-motion were assessed by echocardiography. Comparisons were 

made between dippers and non-dippers with repaired tetralogy of Fallot. Comparisons 

were also made between patients (rTOF population) and healthy controls (Control Echo 

popUlation). The Control Echo population consisted of20 healthy adolescents and adults:. 

6 black, 5 girls/women; ages 11-30 years. Velocity vector imaging was used to assess 

time-to-peak and cardiac synchrony for both the septum and the left ventricular free wall. 

Though time-to-peak values for the control population were generally higher, the 

differences between Control Echo and rTOF populations were not significant, as 

represented by the time-to-peak strain values (Table 7). 
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Table 7. Time-to-peak strain for the septal and posterior free walls of the left ventricle in patients 
with repaired tetralogy ofFallot and healthy controls. 
Time to Septal Wall Posterior Wall 
Peak (ms) Basal Middle Basal Middle 

rTOF 
N=20 

Control 
N=20 

413±06 3 87±54 401±47 402±79 

399±67 368±50 369±102 351±93 

rTOF = 20 subjects with repaired tetralogy ofF allot; Control 
Echo = 20 healthy subjects, N = number of subjects· 

Within the middle and basal segments of the septal wall, the distribution of mild to severe 

dysynchrony was not different between patients with tetralogy of Fallot (rTOF 

population) and a control population of 20 healthy adolescents and young adults (Control 

Echo population) for strain, strain rate, or radial velocity. More tangential velocity 

dysynchrony was present in the rTOF population than the Control Echo population 

(r=I0.772, p=0.005) (Table 8). For the left ventricular free wall, the distribution of both 

radial.and tangential velocity dysynchrony was greater in the rTOF population Ci=8.533, 

p=0.003 and r=I2.04, p=0.002, respectively) (Table 8). Paradoxical motion did not exist 

in the Control Echo population, but was identified in 10 rTOF subjects (5 dippers, 5 non-

dippers). This difference was not statistically significant. 
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Table 8. Incidence of dysynchrony of posterior and septal wall motion in rTOF versus Control 
Echo populations 

Posterior Free Wall Septal Wall 
RV TV Strain SR RV TV Strain SR 

rTOF Synch 0 1 4 3 1 3 2 1 

Mild 1 10 13 16 12 16 12 13 

Severe 19 9 3 1 7 1 6 6 

Control 
Synch 0 10 3 2 9 13 2 2 

Echo 
.Mild 9 8 13 14 11 7 12 14 

Severe 11 2 4 4 0 0 6· 4 

t 8.53 12.04 0.29 2.13. 2.32 10.77 0 0.77 

p-value 0.003 0.002 0.87 0.34 0.31 0.005 1 0.68 
rTOF = 20 subjects with repaired tetralogy ofF allot; Control Echo= 20 healthy 
subjects; SR = strain rate, Synch = synchronous; Mild= 1-5 ms early/late; Severe> 
Sms early/late 

Paradoxical motion was not observed in the Control Echo population. In the rTOF 

population, 10 of 20 had paradoxical septal motion: septum moved toward· right ventricle 

during systole and/or towards left ventricle during diastole (:i=l3.33, p<O.OOl). No 

significant correlation existed between synchrony and right bundle branch block, 

paradoxical motion and right bundle branch block, or synchrony and paradoxical motion. 

EXERCISE TEST 

All subjects were able to meet 80% of max predicted heart rate.42 Maximum stress 

systolic ·blood pressure did not correlate to mean wake and sleep systolic blood pressures 

(SBPwAKE: r=0.325, p=O.l62; SBPsLEEP: r=0.286, p=0.221). The difference in maximum 

systolic blood pressure (obtained at the point of exercise termination) between dippers 

and non-dippers approached statistical significance. A significant linear change occurred 
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in systolic blood pressure (F=9.604, p=0.007), diastolic blood pressure (F=4.785, 

p=0.045), and heart rate (F=83.349, p<O.OOl) from baseline to stress and through 

recovery (Figure 4). 

Changes over time were not different between dippers and non-dippers. Total exercise 

time was not significantly different between dippers (15:19±3:39 min:sec) and non-dippers 

(14:45±3:10 min:sec) (t=0.373, p=0.714). The decrease in post-exercise systolic blood 

pressure was not significantly different between dippers (8 mm Hg) and non-dippers ( 5 

mm Hg) (t=0.791, p=0.441)~ 

Heart rate recovery was measured after the first minute of recovery. Abnormal heart rate 

recovery was defined as a decrease of less than f8 beats per minute (bpm).45 Only 3 

subjects had abnormal heart rate recovery; all 3 were non-dippers, but this difference was 

not significant. 
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decreased over time, although the changes were not significant at any time point~ or 

between dippers and non-dippers. 
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V.INTERPRETATION AND DISCUSSION:_Non-dipping after repair oftetralogy 

ofFallot 

All subjects were able to reach 80% of the max-predicted heart rate before the exercise 

test was terminated. Nocturnal blood pressures (SBPsLEEP, DBPsLEEP) were significantly 

lower-in non-dippers versus dippers. This was expected, because daytime and casual 

blood pressures were similar between the two groups. Non-dipping was more prevalent 

among African Americans than Caucasians in both the patient (rTOF) population and a 

control (Control ABPM) population. This was also expected, because African American 

adolescents are more likely than Caucasian adolescents to show non-dipping. 46 

NON-DIPPING 

The mean daytime systolic blood pressures (SBPw AKE) for both dippers and non-dippers 

in this study were within the optimal range, but non-dippers were above the normal 

threshold for sleep blood pressures.28 The PAMELA study47 found that ambulatory 

blood pressure predict cardiovascular morbidity in hypertensive patients, and the 

Ohasama study48
'
49 found that systolic night time pressures were better predictors of 

cardiovascular mortality than daytime pressures~ casual or ambulatory. In fact, the 

magnitude of nocturnal dipping is associated with negative outcomes in hypertensive and 

normotensive adults.29 Therefore, even though blood pressure levels were not 



hypertensive in the current study, non-dipping patients with tetralogy ofFallot are likely 

at risk for higher morbidity and mortality than peers who show a normal nocturnal 

decline in systolic blood pressure. 

Right ventricular stroke volume and ejection fraction were significantly lower in non

dippers than dippers. Left ventricular stroke volume and ejection fraction were not 

significantly different between these groups. This information supports the finding that 

the right ventricle is more sensitive to increases in afterload than the left ventricle. 50 
· 

Long-term blood pressure decrease (achieved through pharmacologic intervention in a 

hypertensive population) led to a decrease in right ventricular thickness, indicating that 

increased systemic pressures do have an effect on the right heart. 7 Though the current 

population was not hypertensive, the increased load of non-dipping may lead to a more 

rapid demise of the right ventricle when coupled with the burden of pulmonary 

regurgitation, leading some patients to heart failure faster than others. 

Decreased right ventricular stroke volume and ejection fraction in non-dippers were not 

related to increased right ventricular volume, increased pulmonary insufficiency and 

regurgitation, or to the incidence of right ventricular enlargement. Right ventricular 

enlargement is used as a clinical tool for assessment of right ventricular function, 

however research does not support this practice.51
,
52 

The problem with non-dipping is that the cardiovascular system is not given a 'relief 

period' at night. Even in the absence of hypertension, the system is exposed to higher 
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pressures over time in non-dippers, compared to dipping, norln.otensive peers. 29 This is a 

sensitive issue in chronically ill populations at high risk for target organ damage. 9'
47 One 

study of adults with resistant hypertension showed that changing the timing of 

medications ....:. such that one was given before bed instead of in the morning -

significantly reducedthe prevalence of non-dipping. 53 These same medications are given 

to postpone surgery in patients with tetralogy ofFallot who progress toward heart failure 

as a result of increasing right ventricular dysfunction and pulmonary regurgitation. 

Perhaps similar positive benefits of chronotherapy could be achieved in patients with 

both non-dipping and pulmonary regurgitation after repaired tetralogy of Fallot. 

AUTONOMIC DYSFUNCTION 

Autonomic dysfunction has been independently linked to both non-dipping: and repaired 

tetralogy of Fallot. Nocturnal decrease in blood pressure is the result of autonomic 

control, 54 and non-dipping has been linked to dysfunction in both the sympathetic and 

parasympathetic systems. Decreased nocturnal dipping is related to increased alpha-1-

adrenergic receptor responsiveness and decreased beta-adrenergic sensitivity.55
'
56 Also, 

non-dippers show a decreased parasympathetic response to valsalva, tilt-table, and cough 

tests. 57 Autonomic impairment in patients with tetralogy of Fallot is varied and prevalent. 

Vagal stimulation increased in subjects with the tetralogy ofFallot (abnormal response), 

but decre·ased in healthy controls (expected response), following the release of lower 

body negative pressure, suggesting that patient-subjects respond inappropriately to an 
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increase in venous return. Also, indices of heart rate control were lower in rTOF, and 

indices of heart rate variability were higher.58 In a continuation of this study, the current 

protocol could be expanded to incorporate simple tests of autonomic function to assess 

the hypothesis that the increased prevalence of non-dipping in patients with tetralogy of 

Fallot is related to autonomic dysfunction. 

Few ~tudies have examined the predictive relationship between exercise and non-dipping, 

but non~dippers have impaired autonomic function in the form of decreased heart rate 

recovery after exercise. 54 We expected prolonged heart rate recovery to be related to 

nocturnal blood pressures and cardiac function (stroke volume and ejection fraction). 

This relationship was not apparent in our population. In fact, abnormal heart rate 

recovery was not prevalent in the current, relatively-healthy population of patients with 

repaired tetralogy of Fallot: only 3 subjects had an abnormal heart rate recovery of less 

than 18 bpm.45 It is important to note that al13 were non-dippers. Increased heart rate 

recovery has been linked to non-dipping in normotensives by desensitized beta

adrenergic receptors, which would limit parasympathetic reactivation after. exercise. 59 

Delayed sympathetic withdrawal has also been linked to delayed heart rate recovery in 

normotensives. 60 Impairment of the sympathetic withdrawal and parasympathetic 

recovery at rest and with stress may signify the overall mechanism by which delayed 

heart rate recovery is linked to elevated nocturnal blood pressures. Similarly, impaired 

autonomic function in patients with repaired tetralogy ofFallot may be a 'second hit' that 

makes patients with repaired tetralogy of Fallot more susceptible to non-dipping. 54 
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Though. delayed heart rate recovery was not apparent in this population, it may become a 

more significant finding as cardiac function decreases, and would therefore be a 

parameter ofinterest for studies of less healthy populations with repaired tetralogy of 

Fallot. 

ruGHTBUNDLEBRANCHBLOCK 

Typically, the presence of arrhythmia or electrical delay (i.e. right bundle branch block) 

would be an indication of autonomic dysfunction. 61
•
62 However, complete right bundle 

branch block was well distributed between dippers and non-dippers. It is unclear whether, 

autonomic dysfunction exists independent of the anatomic and surgical trauma or 

whether th~ anatomic defect and/ or surgery are the cause of autonomic dysfunction. 

Outflow tract reconstruction and ventricular septal patching can damage the 

atrioventricular node and bundle-conduction systems, which will likely lead to right 

bundle branch block. Yet it is interesting that outflow tract reconstruction has also been 

linked to hemodynamic deterioration and increased baroreceptor reflex after ventricular 

pacing.63 The physical insult of the defect and/or surgery may somehow impact 

autonomic reactivity, and therefore account for the increased incidence of non-dipping in 

the repaired tetralogy of Fallot population, compared to controls. 
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SYNCHRONY 

Synchrony of cardiac contraction is a parameter that has been used to describe cardiac 

function subjectively, but techniques such as speckle tracking and velocity-vector 

imaging now allow quantification of synchrony. Because little data exists in healthy 

populations, we recruited 20 healthy controls for comparison with the repaired tetralogy 

of Fallot population. We hypothesized that septal dysynchrony would be related to left 

ventricular dysynchrony in patients with repaired tetralogy of Fallot versus controls, and 

that the relationship would be stronger in non-dippers than dippers as a sign of decreased 

ventricular function. It is interesting to note that some dysynchrony was noted in the 

healthy control populations. Qualitatively, wall motion was clearly more synchronous in 

the control population th~ in patients with repaired tetralogy of Fallot. Due to the 

anatomic structure and positioning of the heart in the chest cavity, and the nature of 

echocardiography, the 'shadows' of the rib cage obscured the boundaries of the ventricles 

in several subjects -patients and controls. Patients with repaired tetralogy of Fallot were 

more likely than healthy controls to have dysynchronous movement of the 

interventricular septum, with the distribution being significantly different for tangential 

velocity. Also, tangential and radial velocities were significantly delayed in the left 

ventricular posterior free wall in more patients with repaired tetralogy ofFallot than 

healthy controls. Left ventricular dysfunction has been linked to a prolonged QRS and 

'" sudden cardiac death in patients with tetralogy of Fallot.22
'
64 Coupled with right 

ventricular dysfunction, this may be an underlying mechanism of sudden death in this 

39 



patient population. Among patients with repaired tetralogy ofFallot, dysfunction has 

largely been expected only within the right ventricle and along the septum, where the 

original defect and repair directly affected the myocardium. This study is among the first 

to identify left ventricular dysfunction in an otherwise healthy population. Others have 

also used speckle-tracking and vector analysis to show that left ventricular free-wall 

mechanics are impaired in patients with repaired tetralogy of Fallot, compared to control 

subjects. 64
-
67 The healthy state of our patient population emphasizes that left ventricular 

dysfunction is not a direct result of decreasing right ventricular function, but exists before 

significant right ventricular dilatation or severe pulmonary regurgitation are. present. 

We hypothesized that damage to the septum from the original defect or methods of repair 

can contribute to interventricular dysynchrony, and that this would be reflected in a 

positive relationship between right bundle branch block and septal dysynchrony and 

paradoxical motion. However, paradoxical motion and septal dysynchrony were not 

significantly correlated to each other in the tetralogy of Fallot population (or overall) in 

the current study. No significant relationship existed between QRS duration (as a marker 

of right bundle branch block) and synchrony in either population. No significant. 

difference in synchrony of free wall and septal velocities was found between dippers and 

non-dippers. 

A better analysis of synchrony may be available through vector analysis applied to 

cardiac magnetic resonance imaging, which offers better ventricular border delineation, 
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and better analysis of3-dimensional function. 65 Velocity vector imaging of trans

esophageal echocardiograms would also offer better visualization of cardiac borders, and 

would remove the hindrances of rib and adiposity shadowing. 

POST -EXERCISE HYPOTENSION 

A recovery period of 30-minutes was utilized in this protocol. The period was set at 30 

minutes, because that amount of time is adequate to measure hormonal and hemodynamic 

changes after mental stress.68 However, this recovery period did not account for the 

hemodynamic changes of post-exercise hypotension. Though the differences were not 

statistically significant, dippers experienced larger increases in systolic blood pressure 

and larger decreases in diastolic blood pressure with exercise, compared to non-dippers. 

After a 30 minute recovery, both dippers and non-dippers showed post-exercise 

hypotension. All subjects showed a decrease in blood pressure after exercise, and mean 

recovery blood pressure levels for both dippers and non-dippers were lower than mean 

pre-exercise blood pressure levels. Systolic and diastolic blood pressures decreased more 

in dippers than in non-dippers. The post-exercise hypotension phenomenon leads to blood 

pressures lower than pre-exercise levels, typically for 30-120 minutes post exercise.69 

Decreases measured in normotensive adults average 8/9 mm. Hg (systolic/diastolic), 

while borderline hypertensives decrease an average 14/9 mm Hg, and hypertensives 

decrease an average 10/7 mm Hg. 69 A study of 9 hypertensives and 9 normotensive 

controls showed a decreased blood pressure maintained for 90 minutes after five 10-
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minute exercise intervals. 70 This was not accompanied by an increase in heart rate, and 

was maintained through lower-body negative pressure experiments, which assess 

baroreflex function. Similarly, patients in the current study did not show increased heart 

rate at 30 minutes post-exercise, indicating that the post-exercise hypotension was not a 

result of baroreceptor hyperactivity. In continuing this study, we would measure blood 

pressure throughout recovery, until blood pressures recovered from post-exercise 

hypotension. It is possible that the link of autonomic dysfunction between repaired 

tetralogy of Fallot, non-dipping, and post-exercise hypotension may show a significant 

relationship in the form of prolonged post-exercise hypotension. 

NITRATE/NITRITE. (NOx) 

we hypothesized that the post exercise decrease in blood pressures. may be. a result of 

increased nitric oxide release, as heart rate was not increased 3 0 minutes after exercise in 

our patient population. However, decreases in nitrite and nitrate were observed dtiring the 

recovery period (measured in a subset of the patient population: 5 dippers and 7 non

dippers). Levels decreased from baseline to stress, and decreased further from stress to 

recovery, though changes between time points were not significant. We expected changes 

in nitrite/nitrate to be a mechanism behind post-exercise hypotension. However, it is 

possible our findings reflect that decreased blood pressures after exercise cause.a 

decrease in nitric oxide production because shear stress is reduced. 71 
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The decrease in nitric oxide determinants in response to exercise and 30 minutes post

exercise is an interesting finding, and the mechanisms and implications should be further 

explored. Few studies have reported changes in nitrate/nitrite in response to acute 

exercise. In 10 healthy young adults (ages 21-28, 5 men, 5 women), plasma levels 

decreased from baseline to stress in men, and increased in women; in both groups, 

changes were minimal and not statistically significant. 72 Studies of oxidative stress show 

that physical stress (i.e. exercise) can condition and improve the body's response when 

administered in moderate·, consistent doses. However, sporadic, intense exposure to 

physical stress can increase oxidative damage. The rate of post-exercise decline in blood 

pressure and decreasing nitric oxide production may differ among patients who do and do 

not get regular physical activity. Furthermore, endothelial damage resulting from non

dipping may lead to an impaired change in nitric oxide production post-exercise. In 

exploring this further, nitrate/nitrite levels and blood pressures could be assessed every 

15 minutes for 2 hours post-exercise. Results would be compared within subjects, as well 

as between subjects based on general activity level. Activity levels would be assessed by 

self..:report and accelerometer. These analyses would be interesting both in this patient 

population with tetralogy of Fallot and in healthy controls. 

BRAIN_NATRIURETIC PEPTIDE (BNP) 

Sufficient sample volume for analysis of plasma BNP was only available for a subset of 

subjects. Plasma BNP levels were not different between dippers and non-dippers. This 
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finding was unexpected; as plasmaBNP was found to be elevated in healthy, 

normotensive, non-dipping adults compared to normotensive dipping adults, in addition 

to being a marker of target organ changes. 29 The distribution of the two most severe cases 

of pulmonary regurgitation in the dipping group may have influenced this result. A larger 

study that allows stratification of dippers and non-dippers by degree of pulmonary 

insufficiency will help to distinguish the specific impact of elevated nocturnal blood 

pressures on the ventricular myocardium. Also, more accurate determination of the 

pulmonary regurgitant fraction (e.g. by MRI) would be useful. Plasma BNP levels were 

not significantly different between dippers and non-dippers at rest or after stress, though 

we expected both the magnitude and change in response to exercise to be greater in non

dippers compared to dippers. The patients tested in the current study were relatively 

healthy and had satisfactory exercise tolerance. This likely explains why plasma BNP 

levels were not so elevated and did not increase as drastically in this population as in the 

study by Koch.16 

Plasma BNP levels from this study were compared to findings by Ishii et az33
, in which 

45 adolescents with repaired tetralogy of Fallot were compared to 19 healthy adolescents 

at rest aild stress. Ishii et az33 observed a greater change in plasma BNP from baseline to 

stress in the patient population (15±12 pg/ml) versus a healthy control population (2±2 

pg/ml).33 As with our study, patient and control values were not statistically different 

from each other in the study by Ishii, et al. 33 In comparison, changes in our non-dipping 

population (3±5 pg/ml) appeared to match with healthy controls, where changes in 
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plasma BNP levels in dippers (9±4 pg/ml) in between findings of patients and controls of 

Ishii, et al. This finding is unexpected, as non-dipping is associated with higher BNP and 

greater cardiovascular damage. Longitudinal study may reveal that it is the rate of decline 

which is more severe in non-dippers compared to dippers. 

We anticipated performing the assays ourselves; however, BNP assay kits were taken off 

market in favor of automated machinery. Some of our samples, which would have been 

sufficient for multiple manual assays, were not sufficient for the automated equipment. 

However, changes in levels over time have been the most valuable use of BNP as a 

clinical indicator.16 In a study following the same patients for 5-10 years, BNP would be 

expected to increase in patients approaching cardiac failure and in need of valve repair or 

replacement. Furthermore, patients with non-dipping would be expected.to show 

increases in BNP earlier than dippers: an indication of differences in rate of decline in 

non-dippers versus dippers. Plasma BNP levels have been shown to correlate with 

decreased exercise capacity in adolescent patients with repaired tetralogy of Fallot, 

especially with increasing pulmonary regurgitation.33
'
34 Individual levels ofBNP in both 

patients and controls have significant cross-sectional overlap, so the marker does not 

show an immediate picture of function. Longitudinal observation has revealed that 

plasma BNP could be a valuable marker of changes in right ventricular overload, 

influencing timing of pulmonary valve replacement surgery.16 
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DEVELOPMENTAL CORRELATIONS 

Speculations as to the underlying link between repaired tetralogy ofFallot and non

dipping can be traced to fetal development. Lutin et al discovered that hemodynamic 

function was reduced in utero, though maternal circulation was previously thought to 

compensate for defects at this point.15 Defects effecting fetal hemodynamics have been 

found in models of conotruncal defects (including tetralogy ofFallot).73
-
75 Creazzo et 

az75
•
76 found decreased L-type calcium channel function in a chick model of truncus 

arteriosus (an extreme conotruncal defect). The function was comparable to changes 

observed in adult myocardium, in response to extreme hemodynamic burden or an 

abnormality of interventricular mechanics. These changes were apparent before any 

anatomic defect developed, supporting the hypothesis that the anatomic de:fect actually 

originates from a hemodynamic defect. In other words, impaired hemodynamic function 

results in altered flow and pressures through the developing ~eart. Altered flow in tum 

does not stimulate the appropriate changes in. wall structure required for normal cardiac 

development. Whether the changes in flow are the result of environmental,· genetic or a 

combination of insults, it is reasonable to assume the problem could continue post-partum 

and could limit the ability of a heart with tetralogy of Fallot to cope with volume 

overload after surgical repair. Iri the case of tetralogy ofFallot, the original insult may be 

impaired calcium channel functioning, or impaired adrenergiC receptor functioning (as 

has been found in normotensive, healthy non-dippers), leading to impaired 
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hemodynamics in utero.75
-
78 Such a defect may account for the larger incidence of non-

dipping among patients with repaired tetralogy of Fallot, compared to healthy, age-

matched peers. 

The most important findings of this study are 1) non-dipping is more prevalent among 

patients with repaired tetralogy ofF allot than age- and race-matched peers; 2) non-

dipping is associated with decreased right ventricular stroke volume and ejection fraction. 

Patients with repaired tetralogy of Fallot should be assessed by ambulatory blood 

pressure to identify decreased nocturnal decline in systolic blood pressure. A diagnosis of 

non-dipping will be valuable information for forward assessment of autonomic 

dysfunction, and for careful observation of right ventricular dysfunction. Longitudinal 

studies of this population may reveal that non-dipping is associated with earlier decline in 

right ventricular function, as the right ventricle is more sensitive to changes in left 

ventricular afterload. The diagnosis may also be valuable in planning pharmacotherapy 

for this population, as administration of therapeutics at night may improve cardiac 

function and postpone a decline in right ventricular function. 

STUDY LIMITATIONS 

Unfortunately, the rapid breathing our subjects experienced post-exercise limited general 

visibility of the heart in the seconds immediately following exercise, during which the 

stress echocardiogram was obtained. Thus, not all echocardiographic data collected post 

exercise were reliable for measurement. Also, though movement of the apex was visible 
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on all echocardiograms, rib shadowing and chest wall movement impaired vector 

tracking of the wall. For that reason, measurement of the apex was excluded in analyses. 

Also, plasma samples were not sufficient for automated analysis of brain natriuretic 

peptide (BNP) on many subjects. A larger volume of blood should be taken at each time 

point in continuations of this protocol. Exercise tests were performed in the Pediatric 

Cardiology Clinic, but the nearest accessible centrifuge was several floors down in an 

adjacent hospital building. Nitric oxide, nitrate, and nitrite all react quickly and samples 

must be processed as quickly as possible to obtain the most accurate picture of in vivo 

function; likewise, all samples must be processed at the same rate for comparability. 

Samples were centrifuged between 5 and 10 minutes after collection. 

CLINICAL IMP ACT 

Our study has shown that non-dipping exists in patients with repaired tetralogy of Fallot 

and is related to decreased right ventricular function. Ambulatory blood pressure is 

proven to be a better indicator of overall cardiovascular function, compared to clinic 

pressure; in fact, nighttime measures are superior to all daytime measures as predictors of 

cardiovascular outcomes. Therefore, incorporation of 24-hour blood pressure monitoring 

has independent value. Once a diagnosis of non-dipping has been made in the repaired 

tetralogy ofFallot patient population, physicians may choose to assess patients more 

frequently, i.e. not letting appointment intervals stretch longer than one year, and 

emphasize the added vulnerability of the patient's cardiovascular system to stressors such 
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as overweight and obesity and a high sodium diet. Physicians may also choose to acquire 

more frequent imaging and functional assessments (such as stress tests). Velocity vector 

imaging may also be applied to echocardiographic (trans-thoracic and trans-esophageal) 

and magnetic resonance images for assessment of synchrony early, so that changes in left 

ventricular function can be followed as well. 

FUTURE STUDIES 

Continuation of this study will reveal whether right ventricular function continues to 

decline in the presence of continued non-dipping. This would be assessed by recalling 

patients for repeat ambulatory testing at regular intervals after the initial test. A suggested 

interval would be the same as the regularly scheduled clinic visit, as these are made more 

frequent as cardiac function declines. In addition to assessing change in function over 

time, valuable additions to this study would include assessment of sympathetic and 

parasympathetic response to stimulation. These can be done non-invasively using cold

presser and lower-body negative pressure, respectively, as well as numerous other non

invasive protocols. The autonomic system can also be tested by response to 

pharmacologic stimulation. Addition of velocity vector analysis to trans-esophageal 

echocardiograms, obtained during catheterization, would also allow more accurate 

assessment of the right ventricle, for analysis of synchrony and function. 
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VI. INTRODUCTION: Adiposity, Aldosterone, And Hypertension Risk 

A. STATEMENT OF A PROBLEM 

Boys generally have high cardiovascular risk than girls; this trend is true through 

adulthood, until women approach menopause, even though women generally have more 

fat than men. 79
•
80 At menopause, the cardiovascular health of women rapidly declines 

with age to match if not exceed the level of risk faced by men of a similar age.81 

Previous studies in tissues, animals, and humans have implicated the role of aldosterone 

in obesity-induced cardiovascular risk and disease, but none have examined the young 

population in whom our data suggests the sexual dimorphism exists. Therefore, the 

primary goals of this study were 1) to show that the relationship between adiposity and 

systolic blood pressure and left ventricular mass index (predictors of cardiovascular risk, 

Figure 7) is sexually dimorphic in adolescents; 2) to show that aldosterone plays a 

significant role in the sexual dimorphism. The secondary goal was to determine whether 

erythropoietin plays a role in the sexual dimorphism by assessing the relationship 

between aldosterone and hematocrit. 

Aldosterone Volume 
Obesity -+ Dysregulation -+ Dysregulation ? 

Cardiovascular 
Disease and 

Heart Failure 

Figure 7. Proposed Contribution of Aldosterone to Obesity-Induced Cardiovascular Disease 
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Of note, overweight and obesity are defined differently between pediatric and adult 

populations, though both are based on body mass index (BMI), calculated using the 

formula: weight, (kg)+ [height, (m)f. In the adult classification, overweight is defined 

as a BMI in the range of25-30 kg/m2
, with three classes of obesity defined above 30 

kg/m2 (Class I: 30-35 kg/m2
; Class II: 35-40 kg/m2

; Class III: >40 kg/m2
).

82 The age-

adjusted prevalence of obesity in the United States in 2010 was 32.2% among adult men, 

and was 35.5% in adult women.83 In pediatrics, overweight has traditionally been 

defined as a BMI in the 85-951h percentiles, and obese as a BMI above the 95th percentile. 

In 2007, the World Health Organization reconstructed BMI-for-age curves, setting the 

cut-off for overweight at one positive standard deviation. For boys, this translates to a 

BMI >25.4 kg/m2 and >25.0 kg/m2 for girls. The cut-off for obesity is set at two positive 

standard deviations: 29.7 kg/m2 for both sexes. These values correlate well with the adult 

cut-off values of25.0 kg/m2 for overweight and 30.0 kg/m2 for obesity (for both sexes).84 

ADIPOSITY-RELATED CARDIOVASCULAR DISEASE IN YOUTH 

The recent increase in pediatric obesity has led to an increase in adult diseases now being 

observed in the pediatric population, including prehypertension, diabetes, and vascular 

disease. In fact, the incidence of hypertension has increased 5-fold in the last decade, 

such that over 5 million children are overweight or obese in the United States today.· 

The Georgia Prevention Institute has a long-standing interest in the cardiovascular 

consequences of obesity in youth. For example, research from our group demonstrated 
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that body mass index and waist circumference were greater in prehypertensive 

adolescents than in normotensive adolescents in a mixed-race cohort. 85 Also, in an 

analysis of data collected from three sites associated with the International Pediatric 

Hypertension Association, investigators from our group demonstrated that left ventricular 

hypertrophy occurs commonly with hypertension and is associated with elevated body 

mass index in children and adolescents. 86 

Research by other labs has confirmed these findings of obesity-induced cardiovascular 

changes in children and adolescents. Zhou et al87 showed that minority boys were at 

greater risk for cardiovascular disease if they were obese. Sorof et al88 found that 

sympathetic nervous system hyperactivity may contribute to increased variability in heart 

rate and blood pressure seen in obese children compared to healthy controls. Rocchini et 

al89 documented that obese adolescents had higher insulin and blood pressure compared 

to normal-weight adolescents. Rocchini et az9° also studied the effect of exercise on 

obese adolescents in the form of a 20-week program of diet, behavior change, and 

exercise. They found that insulin and blood pressure were reduced after exercise, 

compared to a sedentary obese control group.9° Finally, Morrison et az91 found that 

overweight and central adiposity were significantly associated with higher cholesterol 

and blood pressure levels in boys. As investigators continue to tease out the many factors 

in obesity-related mechanisms of disease, pharmacologic therapies can be tailored to 

meet the cardiovascular needs of this population. 
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ALDOSTERONE IN ADIPOSITY AND CARDIOVASCULAR DISEASE 

The mechanisms underlying adiposity-related cardiovascular disease are most likely a 

combination of lifestyle, genetics, and hormonal influences on cardiovascular regulation 

and remodeling. A major regulatory hormone cascade of the cardiovascular system is the 

renin-angiotensin-aldosterone system. Renin is released when renal sensors detect a 

decrease blood pressure. Renin cleaves angiotensinogen to angiotensin I, which is 

quickly converted to angiotensin II by the angiotensin converting enzyme (ACE). 

Angiotensin II has direct effects on vascular tone and stimulates the production of 

aldosterone from the adrenal glomerulosa. Aldosterone is a mineralocorticoid which 

enters the epithelial cells of the distal tubule to stimulate production of the epithelial 

sodium channel. This channel is responsible for sodium retention in the distal nephron, 

with corresponding water retention. The increase in plasma volume translates to an 

increase in blood pressure. When pressures are high, renin production is decreased, 

ultimately leading to decreased plasma aldosterone, and an increase in sodium excretion 

as the stimulus for sodium channel production is not maintained. The renin-angiotensin

aldosterone system developed as an evolutionary mechanism to maintain blood pressure 

homeostasis- acutely through vasoconstriction (angiotensin II) and long-term through 

sodium regulation (aldosterone). 

Recent studies have shown that the components of this regulatory system, especially 

aldosterone, are more promiscuous than the pathway described above, and can actually be 
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produced and induced by adipose tissue. 92 Body mass index was positively correlated 

with plasma aldosterone in a population of adults with primary hypertension.93 

Aldosterone is known to play an important role in the development and maintenance of 

many cardiovascular diseases, including primary aldosteronism, essential hypertension, 

congestive heart failure, stroke, and the metabolic syndrome.94
-
99 In vitro studies of the 

effects of adipokines on aldosterone secretion from the zona glomerulosa support the 

hypothesis that increasing adiposity leads to increased aldosterone production through 

paracrine and autocrine stimulation.100
-
102 Aldosterone-induced hypertension in rats led to 

extensive cardiac ventricular remodeling not seen in load-induced hypertension. 103 

Descriptive and interventional studies in both humans and animal models support a 

relationship between adiposity and aldosterone.92
'
93

'
104

-
107 Those most relevant to the 

current proposal include work by Rocchini108
, Ho109

, and de Paula. 110 In the study of 

weight loss, described earlier, Rocchini et a/108 noted a significant decrease in aldosterone 

in the obese population that participated in the 20-week weight-loss protocol. Ho et a/109 

studied the effects of weight loss on the renin-angiotensin-aldosterone axis along with the 

hypothalamic-pituitary axis. The group reported reductions in aldosterone and blood 

pressure with weight loss in healthy adults, with no significant changes in hypothalamic

pituitary axis function (no significant changes in cortisollevels). 109 A key study by de 

Paula et a/110 showed that aldosterone played a significant role in changes in renal 

function and mean arterial pressure that accompanied diet-induced obesity in dogs. Use 

of an aldosterone antagonist in this population attenuated the hypertension and impaired 
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glomerular filtration associated with diet-induced obesity. 110 Our own findings support 

the role of aldosterone in obesity-related cardiovascular disease, and extend previous 

findings to show that a sexual dimorphism exists in the relationships among aldosterone, 

adiposity, and cardiovascular disease in adolescence. 

OUTCOME MEASURES OF CARDIOVASCULAR CHANGE 

Cardiovascular damage and disease is defined clinically by changes in cardiac structure. 

Changes to the left ventricle were noted first on electrocardiogram, and then by 

echocardiogram.111
'
112 Increased left ventricular mass in response to increased blood 

pressure was first considered benign. However, by the early 1980s, research revealed that 

increasing left ventricular mass in response to increasing systolic blood pressure was 

associated with greater morbidity and mortality .113 Increasing body mass index is related 

to increasing QRS interval and other electrocardiographic determinants of left ventricular 

mass. 114 We hypothesized that increasing adiposity and increasing aldosterone would be 

related to increased left ventricular mass in boys but not girls. 

SEX DIFFERENCES IN CARDIOVASCULAR DISEASE 

A sexual dimorphism exists in cardiovascular risk in adults prior to the general age of 

menopause (about 50), such that men are at greater risk of heart disease than women, and 

that the relationship between body mass index and cardiovascular risk is also sex

dependent.115-117 Studies from the Georgia Prevention Institute demonstrated sex 

56 



. differences· in -the relatio~s~p -between: adiposity and impain~d -stress-indu~ed pressure_ . : 

.. natdliresis~ .. a ·ri_sk factor -~~r. -~~rd~ova:sc~l~ disease (Figure ·9):: Despi~e: 4avirig higher ... : 

· · · . blood· pressures, the .. boys· had fower sodium excretion (impaired .pressure. natrimesis .. · ·: 

· . ·relationship ):. 118;1 19 · . 

~- 4 
···.~ . 

·. :· f : ·-· . C· 
.0 

~ .· 

··-~· 

·e . 
. ·::J .. 

. ~-:. 

VJ 
fl) .. 

. ·0 
~
Ci): 

·o 
· ... 10. 

. .A. 

......... 
:v·· 
•. . :. •-~-: ·v. 

. . • •· v.:_ 
·: . •:.~~~ ·:.~_ ::. 

v:···· 

·.v 

--.. ""'--'·"'· ..•. yr .. 
V:··.·· 
.v: 

.· vv.. 
. .A· .. 

.:Boys. •· : 
··. ·. V. ·'·~=-.36; P=0.008 

20 . 30 ... 40- · · ·. ·so. 
. . . . 

· · .. :_Body_ Ma$·$ ·ind~x ·(kg(rn2) . · · 

. . . . . . . . . . . . . . . - . . . . 

-~igti:re 9~-~lie ass~chition:b~tWeen.sodiuni excretion in response to "stress and ~ody ina~s 
·index :(H·arsbfi~Id;:20~3)~· · · · · · 

·-This sfudy·exainine~the sexual dim<:>rj)hisril:.iri the telati<?nship between: adiposityandto·. · · ·. 

:_ -:. :"the car~iovascularsyste~ int~~:form_of:systoli_c:b~oo~ pt~ssure and le~ ventricul~:m~~s: .·. 

:in adolescents. Furtherniore,: .~e:invest~gated .~hethet _the relationship-between . . : . 
. . . . - ' . . . . . . 

. . . . . . . . . . . . . . . - . . . 

·levelsjn boys, butnot:girls: lfl::~um; bqth aldosterone alid ·adipqsity"will."be ~ehited.to .. 

. . 

higher systolic blood:pressur~ a1:1d le~ v~rttric.ular :mass in:boys, but nqt girls. Aldoster~)ne.: · 

. 57:· 



.. ·: ~. _levds •are knoWn t~ be: lo\Ver in. African. _Americm ~dqle~c~nts md adults, compared· to.:: . 

. . : Caucasim~~12~)21 We :expe:cted the: sexual ~i111orphi~rri t~. be· p~esent iri b~t~ ra~es in .. ·. 

· · · adolescenc·e. · · · 

hyp9thesi~ is:tha~:sexual4ifferenc_esmay _be_the result.of$e_physica~"loss ofblood as part: 

... ::. of a ·riormal menstru~l. :cycle.· This IS supported .~y the. r.~lationship. b~tween aldo:steron~.:: . 

. aild -~rythropoietin: levd~ in· -~fiidies of dialY:sis patient~ r~ceiving. erythropoietin .. 

. . : : ·. supplement~ti6n.: Ros~io 122 reYiewed the: f~~ studi~.s. ~~.atl1i~rtg _the _rel~tionship betwe~n: 

. ·¢rYthfopoiet1n md:the reriirt~angiotensin-aldosterorte system:. The :results- of these studies- · 

. . . 

. : .. were. mixed,. and mostly· .examined older populations :with. chronic. illne~s·; or actite~ 
.· ·. _· ·. .· ·. .· .· - . . . . ·. . . . . . 

: ·c:dtical c~te sett1ngs.-:Erythropoietin treatment'increas~s in~an red cell v~lufue long terin,: 

. :but aJso. :{~~dia~ely: de·c~e~ses plasiha v~luihe. 123 Okura e}. ai1~4 found th~t J .111onths: .of :: . 

. . ·:. _:_ erythropoie.tintreatrrierttwas:not associ~teclwith changes in.the:renin~angioteh~hi-· .· 

·atdosteron~ _system,_though.it: .was associated with:m:-increase:in ·plasina sodium, ·vobitne,' 
. . . . . . . . . . - . . . . . . . - . . . . . 

· :_ m~ pre-ssure. 1~4 iri_yet.ario~her_stUdy, ·e~ythrop_oietin le.dto -~ecreased.plasina·~l4ost~r~he 
. . . . 

. . . . . . . . . . . . . . . . . . . . . 

. . and· r~nin froni day 2 :thro11:ghout a 28~day tre~tment schedule.: :After ·c~ss~tion;: values : · . 

. . . . . . 

. returned to· paSe_line~. Renin- md ~ldosterone- decreased befor~_ the_ dec~eas~. in plasma ... 

·_.· .. ·v6lume (or.increase-:in hematocrit):was dete.cted;:iricontrast.to·the:study ~escrlbed.above.: ·: 

... ·:rhese"findings 'Yere: lliiked' to a fall in .gl~Hrierular filtration rate··~d'blood'flow'to the ... 
. . 

58:' 



.. : .. pro'xirnal renal tubu~e}25 These. previous Undi~gs :pr~vide. some. evidence s~gg~'stip.g the ... 

. . . : . -~ffe~ts. of ~r~opoi~ti~u.~~. aldo~teroiie we~e ind~p~ndent :ofits eff~c~s 9n-therenil).~. 

·: · .angiotensin .system· ... Accordingly, we speculated that changes· in. hemoglobin. and · 
. . . 

· : ·he~atocri~ ·associated· with ·mont~y changes .in :blood: vol~e: inight lead girls: to have: · 
. . . . . . - . - - . . - . . . . . - . -

. :alter~d tegul~tiori ofihe::ho~~ne' erythropoietin~: and therefore .altere~ reg_Ulation:of ':_ 
. . . 

. . : . : aldpsteroiie,' w]iich' the. pres~P,t. study :investigated. . . 

: RELEVANCE:O_F·AN:AD.OLESCENT POPULATION: · ·. 

. . . . 

.:_ .wot1ld:r~preseilt end otg~n changes that can accumulate thro:ughQut-(J.dolescence and .~a:dy. 

. : . adul~h<?od.: If true. arid· eyide~t in :Ouf he~lthy young: .p_opulatio~, ~e c~ assume that: .. 

. ·prolonged expo~ure· tb ~ighet blood pre~sure~· throughout ·early adulthbod ·nia~ be a ... 

. : reason:men develo~:c:ardiovas~ular·.~is~ase·earl~erth~_~oinen,:Also~: ~~ys that are :obe~e .· ·. 
. . . . 

.throtigliout c~ildhoodwil~ be ~.xposed_ to:vo1~e:4ysr~gtil~tion, induc~d by adiposity~ ..... : 
. . . . . 

. . · .. aldosterone interactio~s.' The· accumul~tion of. these .changes throughout. the fitst. two : · . 

. de.cades. of l_ife may _lead' to ~he onset: ·of hypertension: and ~ardiovasc.~lar 'dise.ase b~fore . . 
. . . . ' . . . . . . . . . . . . . . . . 

. the. end of adolescence:. 

. . 

· .: PRELIMINARY· STUDIES.·· . 

. . . . . . . . . . . . ' . . . . . . . . . . . 

· : ·~he. Geor~ia: Prevent:ion :Institute identified an· impaired presstire~natriilres'is- a~soeiatioil: · · · 
. . . . . . . . . . . . . . . . ' . . . . 

·:: . :with body mass index (BMI),: o~y in:boys, wh~ch ledto·a study iri 55_adolesc_e~t~to: · 

.. 59: 



.. _--~.-_identify rp.e.chanisnis urid~rlyhig the_sexu~l-4im.orphis~~- The results .showed.that . 

. :_.positively cori:elated to· casual.systolic.hlood.pressurein boys b:ut not girls (Fig.ure 10) ... 2.
6 

· 

. : -~ile BMI is a c_oinnion_clinical tool; it·4oes: not distingu1sh.between visceral arid·.· 
- . . . . . - . . . - . . ' . . - . . . . -

. :subc~t_aneous ~d(posity +.information thai is· relevant i~ linking_ Clinical data to ~¢11ular . :: · 
. . . . . ·. - . ·. . . -. . . ·. . . ·. . . ·. . . ·. - - -_ . 

. : siudjes_arid.ani~alttiaJ~~. TJ:ierefo.re,:t4i.s studyincoqio!a:ted mag·netic resonailc¢ im~ging· .· · 

·to _as~ess vis¢era1 8:1?-cl .subct1t~eou~. a~ipos~. tissue ~1?- :~he· ab_4~meh .. 
. . . 

40.0 

. 'E .. 300 

---·m 
~ .. 

•GJ 
·c .. e . ·2oo 
! .: 
Ill 

.0 

.]! 
Cl: .. 

.. 0 

·.·.A .. · 

. . i,. 

. . ·. cj· . 

. . .& 

. 130 . 

'ii 120 .. 

.... :- -~ 
E 

. .;:::110· .·. 
·m. 

.• ·CI) 

. : 11 oo r'"::--;;;J.fm~BR~....:..:.._~-o::--· ..,..._ ~___;---.:. 
0 

. ·Boys ·.a. 
· . ~;, oAa6; p =·o,bo1: 

.A. Girls 0 · ·: · I · Girl~ 0 I · r := -0."033; p = ns . · · 
·. r = -0.127; p:;: ns · 80 L,-~-...:_,_,.___:_,_____:_,_~::::::::::::r=========:r'---

. 0 . . . . 50. ·100 . 150.. . "200 .. 250" "q 100 . 2o.o. · 3oo. · · 46o . · 

Visceral _Adipose Tissu~ (cm3
). · ·. ·. :. B. . . Aldosterone (Pg/n:'ll) : · 

- . . . . . . . . . . . . ' . . . . 

F.igure·Hl~ sex differences. "in the ~¢1ationsbip .benv~en aldo~terone ~nd visc¢ral 
adipose ti.ssue· (Panel A); an~ befure~il al~ost¢ro~e a~d c~sual systolic: blood pres~n~re. ·: . 

·- ·. :{SB_P,.PailelB)·(n=·55) ._.·:·. . . . . . . . . . . . . . . . 

. 60: 



VII. MATERIALS AND METHODS: Adiposity, Aldosterone, and Hypertension 

Risk 

SUBJECTS 

Unrelated boys and girls were recruited (N=93): aged 15-18 years, healthy, not on any 

over-the counter or prescription medications (except for acne medication), including birth 

control medications and without a history of any medical diagnoses. They were recruited 

from area schools and by word of mouth. The measures of adiposity, cardiovascular 
,, 

function, and aldosterone activity were all obtained within 6 weeks of each other. 

Subjects completed the protocol twice as part of a larger study and values were averaged 

between the two visits. Visits were at least one week ·apart and not more than 6 weeks 

apart. The protocol was approved and overseen by the Human Assurance Committee of 

Georgia Health Sciences University. Written informed parental consent and subject 

assent was obtained prior to testing. 

EXPERIMENTAL PROTOCOL 

During the screening phase, consent and anthropometries were obtained. After being 

seated in a chair for at least 30 minutes, blood pressure was measured three times by a 

research assistant, using a manual sphygmomanometer. The second and third 

measurements were averaged to obtain a casual resting blood pressure. 
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The testing phase began within one month of the screening phase. The protocol was 

conducted twice, at least one week apart, as part of a larger protocol. For 3 days before 

testing, subjects were placed on a diet that contained 4000±200 mg of sodium (Na +) and 

2600±200 mg of potassium (K+) per day. Overnight urine collections were obtained to 

monitor compliance with the diet regimen. Success of the diet protocol has been 

reported. 127 Females were not studied during menses. 

Subjects were seated in a comfortable chair to watch a movie of their choice for one hour, 

and ambulation was only allowed for collection of urine samples. Urine and blood 

samples were collected at the end of the hour for the assessment of electrolytes and the 

activity ofthe renin-angiotensin-aldosterone system. This same procedure was repeated 

on the second visit. 

ASSESSMENT OF ADIPOSITY 

Body mass index (BMI) was calculated using the formula: weight (kg)/height (m2
). In 

2007, the World Health Organization reconstructed BMI-for-age curves, setting the cut

off for overweight at+ 1 standard deviation. For boys, this translates to a BMI >25.4 

kg/m2 and >25.0 kg/m2 for girls. The cut-off for obesity is set at +2 standard deviations: 

29.7 kg/m2 for both sexes.84 Dual x-ray absorptiometry (Hologic QDR-2000, 7.1, 

Waltham, MA, USA) was performed to measure total percent body fat (%BF) as 

previously described. 128 Briefly, subjects underwent a 5-6 minute scan using fan beam 

mode. Low dose radiation (about 5 f.LSV) was used to measure density of body tissues and 
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calculate bone, fat, and muscle masses. Indices of visceral and subcutaneous adipose 

tissue ( cm3
) were obtained by MRI (1.5T, General Electric Medical Systems, Milwaukee, 

WI, USA) as described previously. 129 Five 1-cm transverse images were acquired with a 

2-mm gap between images to prevent crosstalk, moving anteriorly from the fifth lumbar 

vertebra. Volumes were then estimated by multiplying the surface area (mm2
) for the 

individual images by the image width (1 em) and then summing across the five images 

( cm3
). The intra-class correlation coefficients for separate-day repeat analyses of the 

same scans exceeded 0.99 for both visceral and subcutaneous adipose tissue. 

ASSESSMENT OF CARDIOVASCULAR PARAMETERS 

Casual blood pressure was determined using a mercury column and stethoscope during 

the subject's screening visit. Three measurements were obtained in the seated position 

and the last two were averaged for purposes of analyses. Left ventricular mass was 

obtained by echocardiography on either the first or second visit, using procedures 

described previously. 130
'
131 Briefly, the subject lay in the left, lateral decubitus position 

and apical and parasternal long-axis imaging was used to assess cardiac function during 

systole and diastole. Left ventricular mass was calculated according to the formula 0.8 

(1.04 ([LVIDD + PWTD + IVSTD]3
- [LVIDD]3))+ 0.6 g. 132 This value was then indexed 

by height7 as this index tends to adjust for age but not body mass or adiposity, which is 

being assessed in this study. 133 
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BIOCHEMICAL ASSAYS 

The concentration of plasma aldosterone (pg/ml) was determined using a competitive 

enzyme method (Caymen Chemical Corporation, Ann Arbor, MI, USA). Sensitivity of 

the assay was approximately 20 pg/ml. Intra-assay coefficient of variation was 9 .4%. 

Inter-assay coefficient of variation was 12%. 

The concentration of plasma angiotensin (pg/ml) was evaluated by RIA with a kit 

(Buhlmann, Allschwill, Switzerland) distributed by ALPCO (Windham, NH, USA). The 

intra-assay coefficient of variation was <1 0% for angiotensin II. The inter-assay 

, coefficient of variation was 20. 7%. 

The concentrations of plasma electrolytes (Na+, K+) and hematocrit were analyzed by the 

ion selective electrode technique using a NOV A 16 Analyzer (NOV A Biomedical, 

Waltham, MA). The NOVA has an intra-assay coefficient of variation of less than 3% 

and an inter-assay coefficient of 4%. 

The concentration of plasma estradiol (E2, pg/ml) was measured by radio-immunoassay 

(Diagnostic Products Corporation, Los Angeles, CA, USA). Labeled estradiol (125I 

estradiol) in antibody-coated tubes was counted by a gamma counter for 1 minute. Inter

assay coefficient of variation was 11.3% at 176.13 pg/ml, (n=55); 14.56% at 1308.09 

pg/ml, (n=55). Intra-assay coefficient of variation was 17.61% at 31.40 pg/ml. 
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The concentration of free testosterone (pg/ml) was measured using radio-immunoassay 

(Diagnostic Systems Laboratories, Webster, TX, USA). Labeled testosterone (125I 

testosterone) in antibody-coated tubes was counted by a gamma counter for 1 minute. 

Intra-assay quality control was 6.3% (n=6 reps.); inter-assay quality control was 4.14% at 

5.67 ng/ml. 

The concentration of hemoglobin was assessed using HemoCue B-Hemoglobin 

automated analyzer (HemoCue AB, Angelholm, Sweden). Briefly, erythrocytes are lysed 

and an azide-methemoglobin reaction allows photometric assessment at two wavelengths 

(570 nm and 880 nm). 134 

STATISTICAL ANALYSES 

The data were. analyzed with IBM® SPSS® 18.0 (version 19.0.0 Cary, NC, USA). 

Studentized t-tests were used to examine sex differences in demographic characteristics. 

Means are presented with standard deviation. Pearson correlation coefficients were 

calculated to identify associations between measures of adiposity, aldosterone, and 

hypertension risk. This was followed by a series of stepwise regression analyses to 

determine factors that independently predicted levels of aldosterone during both visits in 

boys and girls separately. These models included adiposity and factors known to be 

associated with levels of aldosterone: including age, race, urinary sodium excretion, 

urinary potassium excretion. For 7 subjects, not all adiposity data was available, 

therefore only 93 subjects were analyzed. 
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VIII. RESULTS: Adiposity, Aldosterone, and Hypertension Risk 

SUBJECT CHARACTERISTICS 

Following up on the study of 55 adolescents conducted by Harshfield et al, we performed 

an analysis of93 subjects (19 black and 26 white girls; 21 black and 27 white boys, 

Table 9). 

Table 9. Subject Characteristics 

Parameter 
Boys 

Mean±SD 
Subjects 48 
Age, years 16±1 

African American (N) 21/48 
Aldosterone, pg/ml 115.9±46.5 
Ang II, pg/ml (N=38, 35) 12.7±10.9 

*SBP,mmHg 106±10 
DBP,mmHg 70±8 
L VM Index g/m2 (N=44, 42) 30±6 

*Htcm 116.9±5.1 
*Wtkg 72±15 

BMI 23.0±4.5 
tBodyFat,% 17±7 
tsAT cm3 

' 
650±631 

VAT, cm3 77±56 

UNaV (47, 45) 11.9±5.9 

UKV (47, 45) 309.1±260.5 
*Values for boys were significantly greater than for girls. 
tValues for girls were significantly greater than for boys. 

Girls 
Mean±SD 

45 
16±1 
19/45 

125.1±40.2 
13.2±9.4 
102±8 
68±7 
29±5 

165.1±6.5 
63±12 

23.2±3.6 
28±7 

978±572 
84±40 

10.9±4.5 
217.2±259.4 

BMI =Body Mass Index, SAT= Subcutaneous Adipose Tissue, VAT= Visceral Adipose 
Tissue, SBP = Systolic Blood Pressure, DBP = Diastolic Blood Pressure, L VM/hf·7 = Left 
Ventricular Mass Index, UKV =Urinary Potassium Volume, UNaV =Urinary Sodium Volume 



These subjects were selected from a larger pool of subjects; selection criteria were having 

data for all measures of adiposity, blood pressure, and plasma aldosterone. Boys 

compared to girls were taller and heavier (p<O.OOl for both), and had higher casual BP 

(p<0.05). Conversely, girls had significantly greater percent body fat (%BF, p<O.OOl) 

and subcutaneous adipose tissue (SAT, p=O.Ol). The distribution of body mass index is 

given in Figures llA (boys) and llB (girls). Other measures of adiposity were visceral 

adipose tissue (VAT) and body mass index (BMI). 

ADIPOSITY AND CARDIOVASCULAR PARAMETERS 

Overall, greater adiposity was associated with higher systolic blood pressure and left 

ventricular mass. Testing the hypothesis that a sexual dimorphism exists in this 

relationship, we found the effect in the overall population was due to significant 

correlations for measures in boys that were not apparent in girls (Table 10). 

Table 10. Correlations of Adiposity versus Hypertension Risk in Boys versus Girls 
BMI, kg/m2 %BF SAT, cm3 VAT, cm3 

SBP,mmHg 
Boys 0.487~ 0.358~ 0.384t 0.381t 

Girls 0.149 0.239 0.112 0.284 

LVM/ht2
·
7 Boys 0.720~ 0.586~ 0.636~ 0.462~ 

Girls 0.244 0.100 0.106 0.263 

The population was divided by sex, and correlations were analyzed for each sex. Overall 
correlations existed and were driven by relationships in boys. %BF =Percent Body Fat 
* Significant at a=.05 
tSignificant at a=.01 
~Significant at a=.001 
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IX. INTERPRETATION AND DISCUSSION OF RESULTS: Adiposity, 

Aldosterone, and Hypertension Risk 

STUDY FINDINGS 

73 

The most important finding of this study is that aldosterone contributes to the sexual 

dimorphism in adiposity-related hypertension risk in youth. Specifically, adiposity 

accounted for a significant percentage of the variance of aldosterone levels in boys, with 

a range of 10-27% and a mean of approximately 20% across the different indices of 

adiposity. In contrast, adiposity was not associated with aldosterone levels in girls. In 

addition, aldosterone accounted for 12% of the variance of systolic blood pressure and 

12% of the variance of left ventricular mass index in boys but not girls. 

The variation in aldosterone in boys was not a product of plasma levels of angiotensin II, 

because these factors were not correlated in boys. Adjustment for angiotensin II, 

potassium, and sodium did not change the relationships between adiposity, aldosterone, 

and hypertension risk. This is further confirmation that aldosterone was acting by a 

mechanism independent of its best-known roles in electrolyte regulation and the renin

angiotensin system. 



We employed a sodium-controlled diet, as well as standardized collection of blood for 

aldosterone measurements. Other studies of adiposity typically matched an obese 

population to a healthy population, but did not examine a range of adiposity.90
,
92

,
108

,
135 It 

is important to emphasize that our results support the relationship between obesity and 

aldosterone found in other studies, regardless of the measure of adiposity used; our 

findings offer further validation to these previous clinical studies. 108
,
135

,
136 

ADIPOSITY AND ALDOSTERONE 

We found that increasing adiposity (measured by visceral and subcutaneous adipose 

tissue, percent body fat, and body mass index) was related to increasing aldosterone in 

boys, but not girls. The relationship between adipose tissue and aldosterone is supported 

by studies linking weight loss to decreased aldosterone in humans, 137 and the effect of 

aldosterone antagonism on the adverse effects of diet-induced obesity in dogs. 110 Our 

study is unique, in that it compares boys and girls, and by indicating that a relationship 

between adiposity and aldosterone exists not only in the obese condition but at all levels 

of adiposity. 

ALDOSTERONE AND CARDIOVASCULAR PARAMETERS 

We found that increasing aldosterone was related to increasing systolic blood pressure 

and left ventricular mass in boys but not girls. Increased blood pressure and left 

ventricular mass are as risk factors for the development of hypertension later in life. 138 
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Serially high blood pressures in childhood predict hypertension in adults. 139 V asan et al136 

found in the Framingham Offspring study that adults with higher aldosterone had higher 

systolic blood pressure, and that this relationship was still present 4 years later. 

Aldosterone causes remodeling of vascular and myocardial tissues. As with 

atherosclerosis, damage from aldosterone may begin in childhood, 140
-
142 evidenced by the 

relationship between higher aldosterone and higher systolic blood pressure and left 

ventricular mass index found in this study. Over decades, these insults would put boys 

and men at greater risk for hypertension and cardiovascular disease, compared to women 

of a similar age. 103 

SEXUAL DIMORPHISM 

In the present study, we confirmed that girls had greater adiposity, while boys had higher 

systolic blood pressure and left ventricular mass in our adolescent population. This 

finding is supported by a recent study showing increased visceral adipose tissue and total 

body fat are related to blood pressure in adolescence. 143 Our findings also support 

previous work of our labs, which have shown that adiposity contributes to sex differences 

in blood pressure response to stress.68
'
118 We also observed sex difference in the 

relationship between adiposity and aldosterone, and aldosterone and cardiovascular risk. 

This seems to contrast with data presented from studies of adults that appear to show a 

relationship between aldosterone and adiposity in adult women, ranging across ages or 

focusing on perimenopausal ages.93
'
135

'
144

'
145 However, the current study fits with these 
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previous studies when compared to the natural progression of cardiovascular disease: 

men have increasing risk with increasing age, while women seem to be "protected" until 

menopause. 146-148 

Our study is unique because it shows the sex-stratified relationship between adiposity, 

aldosterone, and hypertension risk. Other studies appeared to show similar relationships 

between aldosterone and adiposity or aldosterone and hypertension risk, but 

demographics of age, race, or sex were not provided in some of these studies, limiting the 

comparisons that could be drawn with our own studies. Our population was balanced by 

sex, and race, where many other publications in this area address a single sex and/or 

race.t35,149,tso 

ALDOSTERONE AND HEMATOCRIT 

In our study, no significant relationship existed between estradiol and aldosterone, though 

other studies have shown estrogen to increase the production of aldosterone from the 

adrenal gland and increase its receptor activity. 151-153 Our overall hypothesis was that a 

physical loss ofblood (menstruation) may mark different aldosterone regulation and 

sensitivity in boys versus girls. As a first step in testing this hypothesis, we looked for a 

relationship between aldosterone and hematocrit, as both these parameters fluctuate with 

the menstrual cycle. 154-158 The comparison of aldosterone with hematocrit was based on 

the assumption that erythropoietin varies with the menstrual cycle. We hypothesized that 

a relationship between aldosterone and hematocrit would represent a relationship between 
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erythropoietin and aldosterone. In a pilot analysis of 55 subjects, we observed a 

significant relationship between aldosterone and hematocrit in the overall population. 

However, the association was no longer apparent with the larger sample size. Upon 

further literature review, the assumption that erythropoietin would be a link between 

changes in aldosterone and hematocrit was not supported by literature, which has shown 
/ . 

that erythropoietin does not vary during the menstrual cycle.159
,
160 

RACE DIFFERENCES 

The results of the current study did not indicate a race relationship between adiposity and 

aldosterone, adiposity and systolic blood pressure, or adiposity and left ventricular mass 

when analyses were run on the overall population. However, when stepwise regression 

analyses were performed separately for each sex, race became an important factor, as 

expected, such that African Americans had lower levels of aldosterone than Caucasians. 

Aldosterone is associated with adiposity-related cardiovascular disease risk in African 

American men, and black youth. 121
'
149

'
150

'
161 These studies, with our own, show that a link 

exists between adiposity, aldosterone, and hypertension risk, while our study goes further 

to show the relationship is present in youth. 

STUDY LIMITATIONS 

The relationship between aldosterone and erythropoietin in this population was not a part 

of the original experimental design. As described below, several changes to the current 
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protocol would allow for assessment of aldosterone at different points in the menstrual 

cycle in girls, with boys tested at two points along a similar time interval. It is a limitation 

of this study that progression of the menstrual cycle was not documented, though no girls 

were tested during menses or while using oral contraceptives. 

CLINICAL IMPACT 

We were able to use data from the same subjects between two visits, with values 

averaged for statistical strength. Of note, most values remained significant when analyzed 

on separate visits. This is an important factor for study reliability, and also for clinical 

application, as clinical values are compared between visits in standard patient care. 

The clinical significance of the study can be seen by examining a hypothetical example of 

sex differences in the impact of obesity on cardiovascular risk through aldosterone. 

Based upon the regression coefficients, aldosterone levels in a young adult man with a 

body mass index of 32 (clinically obese) would be expected to be 24% higher than a 

young adult man with a body mass index of22 (healthy). This in turn would be 

associated with an estimated increase of2 mm Hg in casual SBP and of3.6% in left 

ventricular mass. 

The ability of aldosterone antagonism to reduce the impact of cardiovascular disease after 

an event is impressive, but the power of aldosterone antagonism to treat hypertension and 

prevent infarction has even more appeal. The results of the current study suggest that the 
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effects of aldosterone on myocardium and vasculature may be evident before sodium 

retention leads to hypertension and notable end-organ damage. Although the primary 

effects of aldosterone on hypertension are through sodium retention, aldosterone has 

multiple effects on the vasculature and myocardium, and these effects can be attenuated 

or resolved by lowering aldosterone levels. 110
'
162

-
164 This information could be used to 

guide further clinical studies, and ultimately affect clinical practice in treating adiposity

related hypertension and cardiovascular disease. 

FUTURE STUDIES 

Although it has not been shown to vary with the menstrual cycle, erythropoietin is related 

to aldosterone, and warrants further investigation. 165
'
166 Data'presented here was collected 

as part of a larger protocol, for which the assessment of erythropoietin was not a primary 

goal. A few important parameters could be added to the current study design for targeted 

assessment of the relationship between erythropoietin, sex hormones, aldosterone and 

blood pressure in a population with a wide range of adiposity. First, it would be important 

to document the stage of ovulation in the form of days since onset of the last menstrual 

period. Then, in addition to estradiol and erythropoietin, progesterone would be measured 

to assess whether an individual female was in the luteal or follicular phase of the 

menstrual cycle. A second plasma sample, obtained at a different point in the menstrual 

cycle, would show whether the physical loss of blood associated with menstruation plays 

an indirect role in aldosterone regulation through variation in erythropoietin. The second 
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visit would be timed carefully to fall at a different phase of the menstrual cycle. For 

comparison purposes, boys would be assessed at two points, with a similar time-gap in 

between. Further studies of changes in aldosterone levels, and the relationship between 

aldosterone and measures of adiposity and cardiovascular risk at various points of the 

menstrual cycle should provide valuable insight. 

The association between adiposity and aldosterone may be direct or indirect. Direct 

mechanisms would include the mineralocorticoid stimulating factor, which has yet to be 

identified in vivo. 102 Indirect mechanisms may be through inflammatory factors, leptin, 

adiponectin, and other factors that were not collected in this study. Pharmacological 

studie.s using aldosterone infusion, compared to aldosterone antagonism, can reveal the 

role of aldosterone in the release of inflammatory mediators and other cytokines. 

Examinations of these processes in a range of adiposities, or in lean versus obese, will 

shed light on the role of aldosterone in adiposity-related cardiovascular stress in humans. 

Upon further validation of the role of aldosterone in the contribution of adiposity to 

hypertension and cardiovascular disease, animal and tissue models will be valuable for 

determining the mechanism and identifying possible novel treatment mechanisms of 

obesity-induced hypertension. Follow-up analysis of the relationship between changing 

adiposity, aldosterone levels, and cardiovascular risk over time will yield valuable 

information about the role of aldosterone as an indicator of cardiovascular health. 

Furthermore, studies of pharmacologic blockade in humans may reveal, at least for some, 
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the potential of aldosterone as a therapeutic target for pharmacologic intervention much 

earlier in the treatment of cardiovascular disease than current practice dictates. 

In conclusion, this lab has shown a relationship between increasing adiposity and 

increasing aldosterone, and of both these parameters with higher systolic blood pressure 

and left ventricular mass index. We interpret these findings to mean that aldosterone may 

play an important role in adiposity-related cardiovascular changes in boys, and predict 

that accumulation of these changes over time may ultimately contribute to earlier onset of 

obesity-induced hypertension in men versus women. 
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X. OVERALL SUMMARY 

The research presented in this dissertation has shown that volume dysregulation is present 

in two populations, in unexpected or little-studied ways. We showed that adolescent boys 

have a significant relationship between increasing adiposity, aldosterone, and systolic 

blood pressure. We also showed that non-dipping is related to decreased right ventricular 

stroke volume and ejection fraction in patients with repaired tetralogy of Fallot. 

The sex-dependent development of cardiovascular disease in adults is well-established, 

and the existence of sex -differences in blood pressure and left ventricular mass among 

adolescents is accepted. However, this study is one of the first to show that the sex

differences in blood pressure are related to adiposity in adolescents. This study also went 

further to show the relationship between aldosterone and adiposity-related cardiovascular 

risk. Our results show that the impact of aldosterone is different between healthy boys 

and girls, implying that differences in aldosterone regulation may underlie differences in 

disease progression. Analysis of sex differences in aldosterone regulation relative to 

blood pressure regulation is an area of burgeoning research in human and animal studies. 

Connecting these sex -differences to the link between adipose tissue and aldosterone will 

direct the development of future studies. Longitudinal studies will potentially reveal 

changes in aldosterone regulation, both with age and with changes in adiposity. 



Pharmaceutical blockade can then be used to validate the role of aldosterone in blood 

pressure regulation, and sex-linked differences in this role. 

In addition to understanding the overall mechanisms of obesity-related increases in blood 

pressure and hypertension risk, these future studies may also impact the use of 

aldosterone blockers in the therapeutic approach to hypertension. Currently, aldosterone 

blockers are far down on the list of medications, largely due to the undesirable side

effects of spironolactone. Studies have shown that eplerenone, which has fewer side 

effects, has a high success rate against resistant hypertension. Future studies may reveal 

that use of aldosterone blockers earlier in therapy in certain patients (i.e. in obese African 

American men) reduces target organ damage. Altemativ~ly, the results of our study may 

be interpreted such that women (at least premenopausal) would not benefit from 

a!dosterone blockade, and other measures should be attempted first. 

Volume dysregulation due to blood pressure dysregulation does not only occur in the 

setting of hypertension. Non-dipping is a relatively common phenomenon, occurring in 

40% of healthy adolescents. This decreased nocturnal dipping is related to higher 

cardiovascular morbidity and mortality in all populations studied: normotensive, 

hypertensive, and chronically ill populations.8
'
9

'
48 Non-dipping in patients with repaired 

tetralogy ofFallot is significant, as this is a population with on-going volume and/or 

pressure load, of which a significant proportion require repeat surgeries to prevent heart 

failure in adulthood. 13
'
14 Our studies suggest that volume dysregulation in non-dipping 
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patients with repaired tetralogy of Fallot manifests as impaired right ventricular function 

(decreased stroke volume and ejection fraction). Left ventricular function appeared 

normal at rest and with exercise in this relatively healthy population. This is likely 

because the right ventricle is more sensitive to changes in afterload than the left. 50
'
167 It 

appears that the right ventricle of patients with non-dipping may be less-equipped to 

respond to pulmonary regurgitation in combination with elevated nocturnal pressures. 

These patients may experience more rapid decline of ventricular function and require 

repair earlier than tetralogy of Fallot patients with normal blood pressure regulation. 

The increased prevalence of non-dipping may be a result of decreased autonomic 

function due to the original defect and related hemodynamic dysfunctions, or related to 

the aggressive repair that usually takes place in the first year of life. Identifying volume 

dysregulation in the form of non-dipping and related hemodynamic dysfunction, can lead 

to important changes in patient care. Most significantly, changing the timing of certain 

anti-failure medications can relieve the additional stress of elevated nocturnal pressures, 53 

preserving function for an even longer period, and hopefully postponing surgeries. 

In cardiovascular care, volume dysregulation can never be underrated. Early recognition 

is critical to preventing or halting disease progression, and instituting lifestyle changes. 

While male sex (in the case of the adiposity-aldosterone-blood pressure relationship) and 

non-dipping (in the case of patients with repaired tetralogy ofFallot) are innate, the 

physician and patient can work together to make the most of what research has learned 
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about losing weight and maintaining optimal blood pressures. The application of hard

earned lessons in research results in better quality of life for patients with volume 

regulation, and that is the ultimate goal. 
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