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ABSTRACT

Shakia T. Hardy: Blood Pressure-related Approaches to Reduce
the Burden of Chronic Kidney Disease and Kidney Failure.
The Atherosclerosis Risk in Communities (ARIC) study
(Under the direction of Gerardo Heiss)

While much of the chronic kidney disease (CKD) literature examines the role of elevated
blood pressure in CKD progression, little is known about the benefits of modest decrements
in blood pressure on incident CKD and kidney failure (KF). We estimated the impact of 2
pragmatic interventions hypothesized to reduce the incidence of CKD and KF: (1) a
population-wide intervention that reduced systolic blood pressure (SBP) by 2 mmHg and (2)
targeted interventions that reduced the prevalence of blood pressure above clinical
management goals by 10%. Analyses included 15,744 participants of the Atherosclerosis
Risk in Communities Study (45-64 years of age at baseline, 1987-1989). Incident CKD and
KF were ascertained from laboratory assays and abstraction of hospital records. Over a mean
of 20 years of follow up 3,852 and 954 incident CKD and KF events were ascertained. After
adjustment for antihypertensive use, gender, diabetes and age, a population-wide 2 mmHg
decrement in SBP was associated 23.5 (95% CI: 12.3-34.6) and 26.8 (95% CI: 20.6-33.1)
fewer incident CKD events and 20.1 (95% CI: 12.4-27.8) and 9.3 (95% CI: 6.0-12.5) fewer
incident KF events per 100,000 person years (PY) in African Americans (AAs) and white
Americans (WAs), respectively. A 10% proportional decrease of participants with blood
pressure above JNC 7 goal was associated with 16.1 (95% CI: 10.0-24.3) and 7.8 (95% ClI:

5.6-10.2) fewer incident CKD events, and 12.5 (95% CI: 7.8-17.6) and 2.5 (95% CI: 1.3-3.7)



fewer incident KF events per 100,000 PY in AAs and WAs. KF was associated with 12,873
disability adjusted life years (DALYS). A 2 mmHg reduction in SBP was estimated to reduce
DALYs associated with KF by 37.5 and 14.0 DALYs in AAs and WAs respectively, while
reduction of blood pressure above goal was associated with 23.5 and 3.9 fewer DALYS in
AAs and WAs. Modest improvements in the level of SBP and blood-pressure-above-goal are
predicted to decrease both the incidence of CKD and KF, and the number of DALY
associated with KF. AAs, who bear a disproportionate burden of KF and its associated

disability, could benefit from blood pressure reduction strategies more than WAs.
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CHAPTER 1. OVERVIEW

Chronic kidney disease (CKD), typically resulting from the gradual loss of kidney
function, affects an estimated 26 million or 13% (1999-2004) of US adults and results in
approximately 117,000 incident cases of end stage renal disease (ESRD) annually (2009).1?
Despite increased screening and emphasis on management of CKD, only 50% to 60% of
patients who progress to requiring dialysis are alive 3 years after ESRD diagnosis, and
dialysis patients experience adjusted all-cause mortality rates that are 6.5 to 7.9 times greater
than the general population.® The rates of hospitalizations, disability, and increased risk of
all-cause mortality associated with kidney disease and its severity,*® call for a better
understanding of the potential benefits associated with preventative modification of risk

factors associated with CKD.

Modifiable risk factors such as diabetes and elevated blood pressure that accelerate
declines in renal function reportedly contribute to over 70% of CKD and ESRD cases.’
Approximately 37% and 19% of ESRD cases in African Americans and white Americans
respectively, are attributed to high blood pressure.® Even blood pressure levels considered
“high-normal” (defined as systolic blood pressure, SBP, between 130 and 139 mmHg or
diastolic blood pressure, DBP, between 85 and 89 mmHg) are associated with a 3-fold
greater risk of development of ESRD.%! While lifestyle modifications as well as
pharmacological therapies are established as effective methods to manage high blood
pressure?20 the predicted effects of blood pressure reductions on CKD have not, to our

knowledge, been quantified. The proposed doctoral research will estimate and compare the



effects of population wide blood pressure reductions achieved through lifestyle interventions,
to the management of hypertension through lifestyle and/or pharmacological interventions, to

assess their potential impact on the population burden of incident CKD and kidney failure.



CHAPTER 2. SPECIFIC AIMS

Impact of reducing blood pressure on incidence of CKD
- Specific Aim #1: Characterize the potential effect on incident CKD of interventions that
reduce blood pressure by contrasting life-style based population-wide interventions with
interventions that implement current and past clinical guidelines for blood pressure lowering
among individuals with hypertension.
Sub Aim 1.1: Estimate reductions in incident CKD associated with decreases in blood
pressure of a magnitude achievable by lifestyle modifications by gender, race and 10-
year age categories.?!??
Sub Aim 1.2: Estimate reductions in incident CKD associated with increases in
awareness of blood pressure above goal, initiation of antihypertensive therapy, and
decreases in uncontrolled blood pressure above goal in the population with hypertension,
according to recommended treatment thresholds from the 2014 guidelines for the
management of elevated blood pressure?® and JNC 7, on incident CKD by gender, race,
and 10-year age categories.
Impact of reducing blood pressure on disability attributed to CKD
- Specific Aim #2: Characterize the potential benefits from interventions that reduce blood
pressure on disability attributed to CKD by contrasting life-style based population-wide
interventions with interventions that implement clinical guidelines for blood pressure

lowering among individuals with hypertension



Sub Aim 2.1: Estimate the change in burden of disability for incident CKD?*2?5 —
measured as Years Lived with Disability (YLD) - attributable to population-wide blood
pressure reductions of a magnitude consistent with lifestyle interventions, by gender,

race, and 10-year age categories.

Sub Aim 2.2: Estimate the change in burden of disability for incident CKD?*2° —
measured as YLD - attributable to increases in awareness of blood pressure above goal,
initiating antihypertensive therapy, or decreases in uncontrolled blood pressure above
goal in the population with hypertension, according to recommended treatment
thresholds from the 2014 guidelines for the management of elevated blood pressure?®

and JNC 7, by gender, race, and 10-year age categories.

Sub Aim 2.3: Estimate the change in years of life lost (YLL) associated with incident
CKD attributable to population-wide blood pressure reductions of a magnitude

consistent with lifestyle interventions, by gender, race, and 10-year age categories.

Sub Aim 2.4: Estimate the change in YLL attributable to increasing awareness of blood
pressure above goal, initiating antihypertensive therapy, or decreasing uncontrolled
blood pressure above goal in the population with hypertension, according to
recommended treatment thresholds from the 2014 guidelines for the management of

elevated blood pressure?® and JNC 7, by gender, race, and 10-year age categories.



CHAPTER 3. BACKGROUND AND SIGNIFICANCE

3.1 Kidney function overview

The kidneys are a complex pair of retroperitoneal organs, asymmetrically located on
each side of the vertebral column, slightly below the rib cage, with the right kidney
anatomically lower than the left. The weight of the kidneys varies by gender, ranging from
125 to 170 grams (g) in an adult male to 115 to 155 g in an adult female; the length of each
kidney ranges from 4 to 5 inches.?® The nephron, termed the functional unit of the kidney,
contains a glomerulus and renal tubule that regulate the volume and concentration of water
and electrolytes in fluid in the body.

Blood and filtrate flow

While both kidneys only constitute approximately 0.5% of total human body mass,
approximately 22% of the cardiac output (~350 milliliters (mL)/minute (min) per 100 g
tissue) is allocated to the kidneys to meet the demands of both fluid management and the
elimination of toxic waste products.?”-? In this process the kidneys consume about 10% of
body oxygen.?® Blood volume flows into the kidneys’ medial surface through the renal
hilum, a slit that permits the renal artery to enter the renal sinus; blood continues through the
renal artery which bifurcates into anterior and posterior branches forming the segmental
arteries, interlobar arteries, arcuate arteries, and then afferent arterioles (Figure 1).2 Afferent

arterioles supply blood to the nephron, which is composed initially of the glomerulus and



Bowman’s capsule (which together make the renal corpuscle), followed by the proximal
tubule, distal tubule and connecting tubule. The opening portion of the renal corpuscle is the
glomerulus, a capillary network lined by a porous thin layer of endothelial cells, where water
and solutes from blood flow through the filtering capillaries that are impermeable to large
molecules such as proteins and blood particles, yielding a nearly protein free-fluid,
ultrafiltrate.?” Simply, the glomerular filtration rate (GFR) measures kidney function by the
volume of ultrafiltrate filtered per minute from plasma through the glomerulus capillaries

into the Bowman’s capsule, a collecting cavity located between two layers of epithelial

cells.?’
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Figure 1. Renal circulation illustrated by the major blood vessels (panel a) and the path
of blood flow (Source: Pearson Education Inc.)

From the Bowman’s capsule, ultrafiltrate moves through the proximal tubule to the
loop of Henle and distal tubule and blood moves through the peritubular capillary walls
supplying energy for solute transport.?’ Between the vascular and tubule components, 99%
of the glomerular ultrafiltrate is reabsorbed for usable nutrients, and water which is

transported back into the blood through the renal vein system.*® Fluid and metabolic waste



then enter the tubule walls and the merging collecting duct to the renal pelvis for urine
excretion through the ureter.?’

Reabsorption

The large energy supply allocated to the kidneys is largely used to meet the energy
demands of solute transport and reabsorption.?’ Reabsorption allows for the transfer of
filtered solutes from the renal tubule back to the blood in capillaries and is facilitated by
electrochemical gradients, membrane permeability, and active transport. Reabsorption of
small solutes ensues predominately within the renal proximal tubule where isosomotic
reabsorption accounts for the reabsorption of approximately 60% of filtered salt, and 75% of
ultrafiltrate overall (Figure 2).2"?® The sodium-potassium ATPase pump drives the transport
and reabsorption of sodium, chloride and water through primary active transportation.?
Reabsorption of glucose, amino acids, protein, bicarbonate ions, and many other solutes
occur through secondary active transport by crossing the epithelium simultaneously in
cotransport with sodium in the proximal tubule.?” Secretion of waste products of metabolism

also occurs in the proximal tubule by secondary active transport.
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Figure 2. Renal reabsorption by location of permeability (Source: Pearson Education
Inc.)



As the remaining filtrate continues to the loops of Henle, the thin descending limb’s
high permeability to water allows for the passive reabsorption of water whereas the thin
ascending limb’s permeability to sodium allows for the passive and active transport and
reabsorption of sodium. The thick ascending limb (TAL), the initial portion of the distal
tube, begins immediately following the thin ascending limb and is composed of thick
epithelial cells practically impermeable to water but capable of reabsorbing approximately
30% of filtered sodium, chloride and potassium by a cotransport mechanism.?® The TAL
drains into the distal convoluted tubule (DCT) where the principal cells continue the
reabsorption of sodium from the lumen and secretion of potassium into the lumen through
sodium-potassium ATPase pumps in the basolateral membranes.?” Only about 1% of sodium
reabsorption happens in the DCT and collecting duct (CD) and is regulated by hormones,
principally aldosterone, which increases activity of sodium channels.?® Secretion of the
antidiuretic hormone (ADH), a peptide hormone secreted by neuron in the hypothalamus,
alters the impermeability of the DCT and CD to water.?” This mechanism, in conjunction
with the DCT’s permeability to urea, allows for late control of the concentration or dilution
of solutes in urine.?

Water and electrolyte balance

The kidneys’ function in maintaining homeostasis of body fluid volumes requires
regulation of salt balance and maintenance of the osmotic concentration by regulating water
balance.?” Dietary consumption of water and electrolytes varies daily and can be prompted
by the body responses to deficiencies such as thirst or sodium cravings. Intake of water and
electrolytes is balanced by the kidneys’ adjustment in excretion of water and electrolytes

through urine, and also in feces and perspiration.?® Secretion of ADH allows for fluctuation



in the excretion of water independently of the rate of solute excretion.?” In response to
increased osmotic concentration, ADH secretion increases and enhances the permeability of
the membranes of cells lining the distal tubules and the collecting ducts, permitting water
reabsorption without altering the rate of solute excretion (Figure 3).28 In response to
decreased osmotic concentration secretion of ADH decreases, diminishing water channels
and the amount of water that is reabsorbed in the distal tubule and collecting ducts, and

higher volumes of dilute urine is excreted.?
Water deficit

Increase in osmotic
concentration

Increase in ADH secretion

Increase in water
permeaiblity in DTs and CDs

Increase in water
reabsorption

Decrease in water excretion
(concentrated urine)

Figure 3. Step-wise mechanism for balancing fluid intake with excretion

Sodium is the primary and most abundant solute in extracellular fluids, and thus
effectively determines the osmolarity and volume of extracellular fluids.?” To maintain
osmotic concentration aldosterone, a steroid hormone formed by the adrenal gland, activates
the sodium potassium pump increasing sodium and water reabsorption and potassium
secretion.?® Conversely, in response to high sodium levels aldosterone formation is repressed
resulting in less tubular sodium reabsorption and increases secretion of sodium.

Autoregulation of blood volume

Constant high levels of renal blood volume are essential to maintain normal levels of

glomerulus filtration and renal excretion. The autoregulation of renal blood flow that allows



for changes in vascular resistance to preserve relatively constant blood volume to the kidneys
at arterial pressures between 80-170 mmHg has been explained by several mechanisms,
including the myogenic mechanism and tubuloglomerular feedback.?”***? The myogenic
mechanism posits that increases in blood pressure expand the vessel causing vascular wall
tension and smooth muscle fiber contractions, leading to vascular resistance. Changes in
resistance to blood flow keeps the blood volume constant despite changes in in pressure.®® In
the tubuloglomerular feedback mechanism, rises in arterial pressure increase renal blood
flow, GFR, and solute passage to the DCT.?” The juxtaglomerular complex, adherent to the
glomerulus, comprises of a group of epithelial cells termed the macula densa, where the
afferent and efferent arterioles interact with the macula densa in the first portion of the
DCT.?” Macula densa cells are chemoreceptors that detect changes in the concentration of
sodium in the fluid inside the tubule as a gauge of GFR levels.?” When sodium concentration
is high and GFR is elevated, the macula densa activates mechanisms that constrict the
afferent arterioles thus decreasing renal blood volume, pressure, and GFR.?® Other metabolic
and nerve simulation pathways contribute to autoregulation by the myogenic and
tubuloglomerular feedback mechanisms. These mechanisms are not mutually exclusive and
interact to regulate blood volume and GFR.
Renin-Angiotensin system

The renin-angiotensin system (RAS) plays a critical role in the regulation of blood
pressure, water and sodium balance, in addition to cardiovascular and renal structure and
function.?” As depicted in figure 1, angiotensinogen (a glycoprotein secreted by the liver) is
cleaved by renin, a renal hormone secreted from the juxtaglomerular cells, releasing a

decapeptide called angiotensin .22 Angiotensin converting enzyme (ACE) then converts
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angiotensin | to angiotensin 11, a biologically active eight-amino acid peptide that increases
peripheral vascular resistance, blood pressure, and salt and water retention.®* Although renin
is thought of as the rate limiting step as renin catalyzes the production of angiotensin 11,
emerging evidence suggests that local synthesis of all components needed for the RAS
cascade can happen within the kidney itself and may be a contributing factor in the
progression of renal disease.®®

These RAS cascade also plays a role in sodium balance through production of
aldosterone.?’” Contrary to the kidneys’ response to increases in blood pressure, when the
kidneys baroreceptors detect decreases in blood pressure and thus lower filtrate flow and
GFR, signals initiate vasodilation and conservation of fluid volume. Juxtaglomerular cells
produce and secrete renin, which through the cascade described above, produces angiotensin

1, stimulating the production aldosterone and reabsorption of sodium.?’

3.2 CKD and Kidney Failure: eGFR Measurement, Classification and Identification
3.2.1 Estimation of Glomerular Filtration Rate

GFR is the best overall measure of kidney function currently available and is critical
for determining the staging of kidney disease.®® The GFR is equivalent to the product of the
net ultrafiltration pressure (calculated as the difference between the hydrostatic pressure and
osmotic pressure differences on the capillary wall), hydraulic permeability, and the filtration
area.’’ These factors are influenced by processes that alter resistance of the afferent and
efferent arterioles, increase renal arterial pressure, modify permeability or reduce surface
area for filtration.?® Measuring GFR is ideal for quantifying excretory function as GFR is
generally maintained by the compensation of remaining nephrons until structural damage is

widespread and kidney function begins to critically suffer.®’
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GFR is measured ideally by quantifying plasma concentration and excretion of a
substance that freely penetrates through the glomerulus without being absorbed or excreted
by the renal tubules nor metabolized or produced in the kidneys.?® Inulin, a large polymer of
fructose, and radionuclides such as iohexol or iothalamate are consider the gold standard
methods of measured GFR (MGFR) as these substances are neither reabsorbed or secreted,
but freely cleared from the kidneys by glomerular filtration, making the clearance of inulin
equal to the GFR.*% Inulin measurement and nuclear medical techniques are invasive and
costly as measuring clearance requires intravenous infusion, multiple repeat blood and/or
urine collection and careful timing of blood sampling.%4! Although accurate and precise,
direct measurement of GFR is burdensome for patients and unfeasible for usual clinical and

research settings.

Given the limitations of direct assessments, estimations based on measurements of
creatinine are the most practical and commonly used in clinical practice for calculation of
GFR. Creatinine is a protein derivative produced by metabolism of creatine, an amino acid
produced mainly by the liver but also by the kidneys and pancreas; creatine can also be
acquired through dietary intake of milk, nuts, cooked meat and fish.*> Through
phosphorylation, creatine is converted into creatine phosphate or phosphocreatine and
subsequently stored as an energy source in skeletal muscle.*® As creatine phosphate breaks
down to produce energy for muscle contraction, creatinine is produced as a byproduct and
excreted by the kidneys predominately through glomerular filtration with approximately 10-
40% of creatinine cleared through tubular secretion making the clearance of creatinine
slighter higher than GFR.?844% |f the filtration of the kidneys is deficient, creatinine blood

levels rise allowing for the use of urine or blood to calculate creatinine clearance which is
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used to estimate GFR.*>4¢ Creatinine is produced at a fairly constant rate in the body and
must be stable to estimate eGFR. Levels of creatinine can be variable due to medications
interfering with measurement or secretion, variability in muscle mass and protein intake,
liver disease, age, sex, race, and body size.*® Variability in creatinine reduces ideal
estimation of GFR, however, many formulas used to calculated eGFR from creatinine

incorporate adjustments for these some of these important factors.*’

3.2.2 Glomerular Filtration Rate Equations

Three main creatinine-based formulas have been extensively used for estimation of

GFR: the Cockcroft-Gault (CG) equation, the Modification of Diet in Renal Disease
(MDRD) equation, and the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI)
creatinine equation.*’*® First described in 1976, the CG equation was developed to estimate
creatinine clearance from the means of two 24-hour urine creatinine excretions from 249
mostly hospitalized, males patients (4% female) with CKD aged 18-92.%%! Given the lack of
females included in the study and previous recommendations that creatinine clearance should
be reduced by 10 to 20% in females compared to males, an arbitrary correction coefficient of
0.85 was assigned to females to account for their relatively lower muscles mass and thus

lower creatinine clearance compared to males.>?

(140—age) X weight X 1.23 X (0.85 if female)
Creatinine (mircomol/liter)

CrCl(mL/min) =

The CG formula incorporated adjustments for age, weight and gender, however
practical implementation of the formula was often restricted due to the limited availability of
body weight measurements in laboratories and inconvenient 24-hour urine collections.?”3

The CG formula’s measurement of creatinine clearance as an alternative to GFR tends to
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overestimate GFR as measured creatinine representing both filtration by the glomeruli and
secretion from the tubules.>? While ages in the population ranged from 18-92 the patients
included were predominately young. Underestimation of GFR using the CG equation often
occurs depending on the age of the population and health status of the population,
particularly for the elderly and at higher GFRs.>® Use of the CG equation in diverse
populations found that the dependence of eGFR on body weight biased estimates in the
obese, and overestimated eGFR when mGFR is low.%** Despite these limitations the CG
formula was widely used to assess onset and progression of renal insufficiency and to adjust

drug dosing prior to the development of the more precise MDRD formula in 1999.48

The MDRD Study equation was also developed in the setting of CKD among 1,628
middle-age nondiabetic patients included in a multicenter trial evaluating the effect of dietary
protein restriction and blood pressure control on renal disease progression.®>®> The MDRD
trial measured GFR using renal clearance of an subcutaneous injection of 1%I-iothalamate as
a goal standard for comparison to the MDRD equation.*® Creatinine clearance was estimated
from both 24-hour urine collection and measurement of serum creatinine (SCr).>® A formula
for estimating GFR was generated using a stepwise multiple logistic regression analysis of
variables that best predicted GFR; though more than 15 variables were considered for
inclusion, a parsimonious equation comprised of age, gender, plasma creatinine value and

race was reached.®®

175 x (SCr) ~11%* x (age)™%2%3 x (0.742 if female) x (1.212 if black)

Validation and comparison of the MDRD equation in relation to the CG equation in

diverse patient populations including those with diabetes, and African Americans have been
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undertaken.***2 The MDRD equation’s main advantages over the CG equation are the
elimination of measures of body weight required for use of the CG equation, the estimation
of GFR by the MDRD equation as opposed to merely creatinine clearance estimated by the
CG equation, and a higher proportion of eGFR values that correspond with the gold
standard.>* For example, 90% of eGFRs calculated by the MDRD formula were within 30%
of the measured GFR compared to approximately 75% of estimates using the CG formula.>
However, the MDRD equation communally suffers from several limitations restricting use of
the CG formula; both the CG and MDRD equations were refined in populations with sub-
optimal kidney function and tend to be less accurate at higher GFRs (>60 mL/min/1.73m?)
which can potentially result in under diagnosis of CKD among those with mild kidney
impairment.*”55% The MDRD Study equation also tends to underestimate measured GFR
particularly in individuals whose normal eGFR is >90 mL/min/1.73m?. Though the MDRD
equation had been commonly used in the United States as the primer formula for calculating
eGFR, MDRD is gradually being replaced by the CKD-EPI equation which overcomes some

of these limitation, largely by being derived in a population not limited to CKD patients.?’

In 2009 the CKD-EPI group pooled 10 research and clinical studies (total n=8,254)
that measured urinary clearance of iothalamate and included a serum creatinine assay to
develop (randomly sampled development subset n=5,504) and internally validate (randomly
sampled validation subset n=2,750) a new equation for the estimation of GFR in diverse
populations, with and without CKD. The CKD-EPI research group used a least squares
linear regression to predict mGFR from serum creatinine with predictor variables including
age, race, sex, diabetes, prior organ transplant, and weight.*” Equations using a combination

of the probable predictor variables noted above were ranked according to ease of application
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and model performance, measured by goodness-of-fit by means of R? and likelihood ratio
tests for nested models.>” The research group selected the leading ranked CKD-EPI model

that included clinical measurement widely available to rudimentary laboratories described as:

eGFR = 141 x min(Scr/x, 1)* x max(Scr /%, 1)12%° x 0.993% x 1.018 [if female] x 1.159 [if

African American]

where: eGFR (estimated glomerular filtration rate) =mL/min/1.73m?,
SCr (standardized serum creatinine) = milligrams (mg)/ deciliters (dL), k = 0.7
(females) or 0.9 (males), a =-0.329 (females) or -0.411 (males), min = indicates the

minimum of Scr/k or 1, max = indicates the maximum of Scr/x or 1, age = years

Both the MDRD and CKD-EPI equations take into account age, gender, and race,
however, the use a spline term in the CKD-EPI equation has been shown to be substantially
more accurate and less biased in estimating mGFR than the MDRD equation, particularly at
GFR levels >60ml/min/1.73m?2.4"49 The CKD-EPI equation utilizes a 2-slope linear spline
with sex-specific knots to model the relationship between estimated GFR and age, sex, and
race.*” The use of these spline terms reflect the weaker association between creatinine and
GFR at lower creatinine levels compare to higher creatinine levels.®® The equation therefore

represents four gender and knot-specific equations for each race group (Table 1).%’
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Table 1. Chronic Kidney Disease Epidemiology Collaboration equation for estimating

GFR on the natural scale bi race, iender, and serum creatinine siline knot level

African American

Female <62 (<0.7) GFR =166 x (Scr/0.7) %3 x (0.993)"¢
>62 (>0.7) GFR = 166 x (Scr/0.7) 2% x (0.993)A%
Male <80 (<0.9) GFR = 163 x (Scr/0.9) 041t x (0.993)A%
>80 (>0.9) GFR = 163 x (Scr/0.9) 2% x (0.993)A%
White or other
Female <62 (<0.7) GFR = 144 x (Scr/0.7) %3 x (0.993)"¢
>62 (>0.7) GFR =144 x (Scr/0.7) 12 x (0.993)A%
Male <80 (<0.9) GFR = 141 x (Scr/0.9) %411 x (0.993)A%
>80 (>0.9) GFR = 141 x (Scr/0.9)12% x (0.993)A%

After development, the performance of the CKD-EPI equation was compared to the
MDRD study equation. The CKD-EPI equation developers aimed to produce an eGFR
equation that functioned as accurately as the MDRD equation at measured GFR that were
less than 60 mL/min/1.73 m? and more accurately than the MDRD equation at GFRs greater
than 60 mL/min/1.73 m2.*” As shown (Figure 4) by the smoothed regression line (95% CI)
with eGFR on the x-axis and mMGFR on the y-axis, the CKD-EPI equation accurately predicts
MGFR as well as the MRDR equation at GFR at lower eGFR values. When GFR is greater
than 60 mL\min\1.73 m?a significant deviation is shown between the two equations with the
CKD-EPI equation being substantially more accurate than the MDRD equation. 4’
Confirming these findings, several external studies have also likened the performance of the

CKD-EPI equation to the MDRD study equation.
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Figure 4. Accuracy of the CKD-EPI and MDRD equations to estimate GFR for the
validation data set (N=3896). From Ann Intern Med 2009;150:604-612.

The more accurate GFR estimates produced by the CKD-EPI equation has facilitated a
more rigorous characterization of the burden of CKD and distribution of eGFR in the U.S.
population.*” Comparing the distribution of eGFR using creatinine measurements collected
by NHANES according to the CKD-EPI and MDRD equations shows a distribution shift to
higher levels of eGFR particularly at eGFR values >60 mL/min/1,73 m2 (Figure 5) using the
CKD-EPI equation and thus a lower frequency of CKD.*” A meta-analysis including 1.1
million adults from healthy and diseased cohorts corroborate both the distribution shift and
lower prevalence of CKD based on the CKD-EPI equation versus the MDRD equation and
innovatively established GFR estimates derived from the CKD-EPI equation as better

predictors of mortality and ESRD risk.*®

All three of the chiefly used eGFR equations rely on creatinine measurements to estimate
GFR are thus are inherently vulnerable to the well-characterized physiologic restrictions of
creatinine as a filtration marker. As described in section 3.2.1 the levels of endogenous

filtration markers such as creatinine can be influenced by dietary intake and body mass
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the CKD-EPI and MDRD equations to estimate GFR for the validation data set
(N=3896). From Ann Intern Med 2009;150:604-612.

composition, and thus are suboptimal for application in some population groups. eGFR
equations leveraging creatinine measurements are less accurate in individuals with extreme
or restricted levels of muscle mass including those who are critically ill, obese, or elderly and
should be cautiously used.>*® Moreover, creatinine levels can be unstable in ill, hospitalized,
or pregnant individuals, limiting the reliability of measurements and their validity when
creatinine is dynamic.5! Dietary preferences, such as protein restriction or supplementation
may similarly impact creatinine assessments. In populations with unstable creatinine or
comorbid conditions, the gold standard of exogenous mGFR if preferable, as the primary
measurement or for validation, to attain exact GFR measurements and classify disease risk.
Despite these limitations, creatinine remains the most widely utilized clinical assessment of

kidney function and is often the only clinical measurement available in older clinical or

epidemiologic studies.
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Both the MDRD and CKD-EPI equations only capture a portion of the determinants
eGFR, with equations representing the best estimates of associations in certain age, race or
gender groups. Additional validation would be beneficial among groups not well represented
in the data sources used for equation development, including racial/ethnic minorities other
than African Americans or those at the extremes of age. While all three formulas exhibit
some imprecision in comparing measured to estimated GFR, this work will use the CKD-EPI
equation to calculate eGFR due to its greater accuracy in African American and white

American populations, and at higher levels of eGFR.*’

3.2.3 Categorization of CKD and Kidney Failure

CKD comprises a heterogeneous group of clinical abnormalities that progressively
reduce renal volume and function, potentially progressing to kidney failure.52% A healthy
kidney contains roughly one million nephrons, with each nephron contributing to balancing
solutes, filtering blood and reabsorption, and thus the GFR.2" Pathophysiologic processes
leading to CKD are diverse; in general, structural and functional changes from injury and
glomerulosclerosis in diseased kidneys cause nephron loss, subsequently leading to
hyperfiltration and hypertrophy among the remaining nephrons.?”? The innate
compensation by the surviving healthy nephrons initially sustains the maintenance of a high
GFR and consistency of extracellular fluid composition. As the functional load burden
increases and CKD advances, blood flow to the decreased number of nephrons becomes
greater, self-perpetuating the spread of glomerulosclerosis to the remaining nephrons,
causing proteinuria and decreased GFR.%* A detailed discussion of the pathophysiology of

elevated blood pressure and CKD is present in section 3.5.
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Standardized stages of CKD severity using reductions in GFR were defined by the
2002 Kidney Disease Outcomes Quality Improvement (K/DOQI) guidelines, by which CKD
is defined as either kidney damage or GFR <60 mL/min/1.73 m? for longer than 3 months,
marking loss of kidney function greater than expected due to general aging (Table 2).%° To
classify disease severity of diagnosed CKD, a five-stage system is used with stages 1 and 2
describing mild CKD. Categorization of the continuous assessment of eGFR results in
marked variations in severity, risk and progression within categories of CKD and require
assessment of other signs and symptoms to verify the appropriate course of management for
individual patients.?’” In its early stages CKD is an often undetected form of kidney
dysfunction, as the disease can be asymptomatic or only present mild symptoms or decreases
in GFR.% CKD in stages 1 or 2 is often diagnosed by kidney damage defined as pathologic
abnormalities or markers of damage, confirmed by abnormalities in the composition of blood
or urine establish by urine testing or structural abnormalities revealed in imaging tests.5®
Kidney damage corresponding to stage 1 is categorized as CKD, despite maintenance of a
high GFR since some causes of CKD can result in hyperfiltration that allows for the
preservation of high GFR even in the presence of kidney damage and increased risk for
kidney complications (Table 1). The rate of glomerular filtration in stage 2 is reduced from
the normal range of >90 ml/min per 1.73 m? to 89-60 ml/min per 1.73 m2.% As normal GFR
decreases with age, a GFR estimate at level indicative of stage 2 CKD is common in older
populations, and, in the absence of markers of kidney damage, is generally considered

normal.®’

Stages 3 and 4 of CKD denote moderate to severe loss of renal function and are

associated with complications such as hypertension, electrolyte imbalances, anemia, mineral
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and bone disorders, and malnutrition.®® Staging is admittedly arbitrary with <60
ml/min/1.73m? for 3 months or more marking the cut point for CKD stage 3 as it represents
50% of the normal adult eGFR value, and leaves time for intervention on kidney function
decline before kidney failure.52%° A GFR <60 ml/min/1.73 m? also confers a higher risk and
severity of complications of CKD, such as CVD and all cause morbidity and mortality, than
in subjects with CKD and preserved GFR.%" Kidney damage with high, normal, or mildly
decreased GFR denoted by eGFR <60 ml/min/1.73m? is used to identify individuals that
need periodic estimation of creatinine, urinary protein and risk factors such as elevated blood
pressure, cholesterol and diabetes to manage progression of kidney function loss.”® For
patients who progress to an eGFR <30 ml/min/1.73m? or stage 4 CKD, severe reductions in
eGFR further increase risk of complications, cardiovascular death and progression to kidney
failure. Maintaining eGFR through renoprotective lifestyle and pharmacologic methods in

these patients is utilized to post-pone dialysis initiation.”

Once eGFR is reduced to <20 ml/min/1.73m?, multidisciplinary preparation for
dialysis initiation or transplantation begins to increase survival and quality of life among
patients.?”"* A minority of individuals with CKD progress to GFR levels below 15 ml/min
per 1.73 m?, or CKD Stage 5, which represents progression to kidney failure and likely
signifies the need for dialysis, renal transplantation or palliative care to decrease the
symptoms of uremia and the risk of mortality and morbidity.5>%” As shown in Table 1,
ESRD is an administrative term used to describe a subset of the population with kidney
failure who are treated with dialysis or kidney transplantation.”> ESRD is often the outcome

used to describe the burden of kidney failure as it is easily ascertained through medical
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claims and records; however use of this definition excludes those who are untreated and thus

may not be representative of the total population with late stage CKD or kidney failure.”

Table 2. Standardized Staging of Chronic Kidney Disease and End Stage Renal Disease
described by the 2002 Kidney Disease Outcomes Quality Improvement (K/DOQI)

guidelines

1 Kidney damage with normal or high GFR >90 Mild CKD

2 Kidney damage with mild decrease in GFR 60-89 Mild CKD

3 Moderate decrease in GFR 30-59 Moderate CKD
4 Severe decrease in GFR 15-29 Severe CKD

5 Kidney failure <15 ESRD if treated

3.2.4 Markers of kidney damage

Markers of kidney damage are used, particularly in the early stages of CKD, to detect
the presence of the disease. Proteinuria denotes detectable levels of protein in urine and is
likely the earliest pathological marker of kidney damage in CKD, and a predictor of CKD
progression.” Quantification of the excess excretion of albumin is frequently used as a
sensitive screening and assessment of CKD.”* Microalbuminuria is defined as an albumin to
creatinine excretion ratio of 30-299 mg/g and macroalbuminuria is defined as an albumin to
creatinine excretion ratio of >300.”° Persistent alouminuria indicates renal damage as
proteins that are normally too large to penetrate the glomerulus are increased in filtered urine
and renal tubular interstitium due disturbances in endothelial cell function.?” Albuminuria
predicts the development of ESRD with individuals with albuminuria at stage 1 or 2 CKD
progressing to ESRD at a higher rate than individuals with stage 3 or 4 CKD without

proteinuria.”

In addition to estimating levels of proteins through urinalysis, urine sediment findings

can suggest undiagnosed structural or glomerulonephritis, particularly hematuria, or
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abnormal presence of excessive red blood cells (RBCs) in the urine.®”’" Persistent presence
of hematuria can be associated with proliferative glomerulonephritis, cystic kidney disease,
kidney stones, and malignancies.®” Although hematuria can result from a variety of causes,
hematuria in the presence of proteinuria, hypertension or decreased renal function suggest
glomerular bases. Among asymptomatic individuals with hematuria, the development of
ESRD is 18 times more likely compared those without hematuria over 20 years of follow up,
supporting the uses of urinalysis findings in the definition of kidney damage.”® Examination
of urinary sediment is a noninvasive investigative tool suggested for individuals at risk for

the development of CKD and those with confirmed or suspected CKD.®’

Imaging the kidneys may be necessary to determine the presence of kidney damage or
reduced renal mass.®” Renal ultrasonography is often used as the first-line diagnostic
imaging to investigate CKD as it allows for assessment of kidney size and cortical thickness
with minimal invasion and potential for adverse risks.”® Echogenicity, the ability to reflect
sound waves, is often increased for the renal cortex of individuals with renal sclerosis,
interstitial fibrosis, glomerular hyalinization, and chronic kidney injury with small
hyperechoic kidneys indicating CKD.8%8! Ultrasonography has also proved useful in
investigating tumors, masses, and renal cysts particularly for polycystic kidney disease and
medullary cystic disease.®? Computed tomography (CT) is often used complementary to
ultrasonography follow up to examine and diagnosis complex renal cysts, renal stones,
decreases in renal mass, and ureteral obstructions.®® In addition to ultrasonography and CT
testing, magnetic resonance imaging (MRI) can be particularly advantageous in the

assessment of renal masses, lesions, cysts and renal vein thrombosis.®* Abnormal imaging
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results are indicative of kidney damage even in the absence of reduced GFR and are included

in the definition of CKD.

3.2.5 Manifestations of disease

CKD is typically asymptomatic or presents with non-specific symptoms in its mild
early stages, with clinical presentation of CKD developing as the disease progresses.
Prolonged subtle symptoms can appear in advanced stages in association with CKD
complications that include anemia, hypocalcemia, uremia, hyperparathyroidism, sodium
retention, cardiomyopathy and hyperkalemia.?’ Manifestations of CKD (Table 3) can vary
by etiology; a few major manifestations of CKD and there mechanisms are discussed below
as they can contribute to decreases in QOL or disability associated with CKD and kidney

failure.

Anemia due to decreases in red blood cell production induced by decreases in renal
production and excretion of erythropoietin, or folate and vitamin B1> deficiency is a common
consequence of CKD.?" In stages 1 and 2 of CKD anemia is only present in less than 10%
of the population; as CKD progresses, the prevalence of anemia increases with about 20-40%
of those with stage 3 and 4 CKD experiencing anemia and by stage 5 or ESRD, about 70% of
the population having developed anemia.®>8 Decreases in the ability of blood to carry
necessary levels of oxygen as a result of anemia effects morbidity and decreases quality of
life (QOL) through fatigue, shortness of breath, decreased cognitive function, and physical
activity limitations.® Anemia also contributes to increased mortality in CKD by increasing
the risk for cardiac complications such as heart failure (HF) and left ventricular hypertrophy

and CKD progression.®

25



Mineral and bone disorders commonly contribute to morbidity and mortality from
CKD as a consequence of hyperphosphatemia, hypocalcemia, and vitamin D deficiency.
Given normal kidney function the parathyroid hormone (PTH) interacts with other hormones
including calcitriol to regulate levels of calcium and phosphorus, in part by regulation of
renal reabsorption, and bone mineral dissolution.®” When GFR is reduced to levels indicative
of stage 3 CKD, the kidneys’ ability to maintain mineral homeostasis is disrupted resulting in
increased serum phosphorus, decreased serum calcium (hypocalcemia) and the excessive
release of PTH.8" Secretion of PTH decreases reabsorption of phosphorus and increases
levels of calcium through renal and bone absorption.’” By ESRD the kidneys no longer
increase excretion of phosphate in urine and phosphate retention impairs vitamin D synthesis
leading to hypocalcemia and secondary hyperparathyroidism.% In response to hypocalcemia,
calcium may be released from bone causing decreases in bone quality, and increased
incidence of bone fracture and bone pain.8¢ Early bone abnormalities presents at stage 3
CKD with patients progressing to ESRD at four fold risk of hip fracture compared to age and

sex matched controls.8°

Soft tissue and vascular calcification can be triggered by activation of bone associated
proteins in hyperphosphatemia and contribute to morbidity and mortality from CVD in
CKD.® Increases in plasma levels of phosphate with hyperphosphatemia and enhanced
secretion of PTH promote the level of calcium-phosphate product that can induce
mineralization and accelerate atherosclerosis and CVD.%*! A second mechanism supports
an active osteogenesis with the expression of proteins such as runt-related transcription factor
2 (RUNX?2) being associated with the formation of vascular calcification.®? Coronary artery

calcification is common in dialysis patients with appropriately 83% of dialysis patients
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having some degree of calcification® and calcification is estimated to be 2 to 5-fold greater
in dialysis patients than comparable controls.®* Vascular calcification contributes to the
development of a 30-fold higher risk of CVD mortality among the CKD population
compared to the general population and should be considered as an important predictor of

CVD and target for therapies that reduce the risk of developing CVD in CKD.%

Table 3. Manifestation of CKD/Kidney failure and mechanisms for occurrence

Anemia Decreases in erythropoietin production
Decreases in erythrocyte survival

Iron deficiency

Folate deficiency

Vitamin B, deficiency

Renal osteodystrophy Hyperphosphatemia

Mineral and bone disorders Hypocalcemia

Impaired renal production of 1,25-
dihydroxycholecalciferol

Secondary hyperparathyroidism

Soft tissue and vascular calcification Hyperphosphatemia
enhanced secretion of PTH
Neurologic symptoms Uremia

Hypertension
Aluminum toxicity

Gastrointestinal symptoms Uremic conditions
Cardiomyopathy Uremia
Arrhythmias Hypertension
Fluid overload
Hypertension Volume overload
Excessive renin production
Hyperkalemia Decreases in GFR

Metabolic acidosis

Excessive potassium intake

Hyporeninemic hypoaldosteronism
Non-steroidal anti-inflammatories (NSAIDs)
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Kidney injury and decreased filtration can cause waste products of small molecular
weight that are normally removed by the kidneys in urine to build up in the blood (termed
uremia) causing major symptoms including fatigue, lethargy, decreases in mental alertness
and anorexia.?” Although the exact pathophysiology of uremia remains unresolved,
progressive rises in blood urea nitrogen (BUN) in the presence of accumulation of other
waste molecules in kidney failure are associated with uremic symptoms making BUN a
useful marker of uremia.®® Dialysis patients with BUN levels above 140 mg/dL begin to
experience nausea and headaches with levels above 180 mg/dL expanding these symptoms to
include weakness and lethargy.?” Uremic syndrome is associated with uremic gastroenteritis,
peripheral neuropathy, and uremic fibrinous pericarditis with clinical symptoms ranging from
loss of appetite particularly in regard to protein, and attrition of taste to reduced stamina, and
altered nerve function impairing memory, and concentration.?’” Although reductions in
physical functioning in dialysis patients to approximately 50% of normal operation can be
attributed to many of the manifestations of kidney failure, studies have ascribed much of the

decrease to fatigability associated with uremia.?’

Decreases in GFR, excessive potassium intake, medication usage or metabolic
acidosis can also result in hyperkalemia usually defined as a blood potassium concentration
level of 5.5 mmol/L or higher.?” Over 98% of the body’s overall potassium is intracellular,
predominately in the muscles with skeleton muscles stores approximately 75% of total
potassium.?” When urinary potassium excretion is reduce or potassium excretion from the
cells is increased raising potassium concentration to very high levels, severe muscle fatigue,
paresthesia, weakness, and flaccid paralysis can be experienced. Hyperkalemia is also

associated with cardiac manifestations, depolarization of cardiac myocytes, and ECG

28



changes with most patients developing serious cardiac abnormalities prior to the

development of neurologic symptoms.®”’

Renal dysfunction in CKD can promote atherosclerosis, cardiomyopathy, and
arrhythmias leading to a higher risk of CHD, heart failure and sudden death in those with
CKD.?" With advanced decreases in GFR, prevalence arterial stiffness, structural heart
disease and arrhythmias increase, with the incidence of sudden cardiac death being five times
the incidence in the general population.?” In addition to death, associations with ischemic
heart disease, electrolyte abnormalities, and HF increase disability and cost of health care

among the CKD population.

3.3 Kidney disease epidemiology

3.3.1 Population burden and health care costs
CKD is a costly worldwide public health problem with high health care utilization,

poor health outcomes, and increasing kidney failure prevalence. CKD (stages 1 to 4) affects
an estimated 26 million or 13% (1999-2004) of US adults and results in approximately
115,000 incident cases of ESRD annually (2012).12% Precise CKD incidence estimates in
the US have been limited by the sparse availability of generalizable longitudinal cohort
studies or widespread surveillance systems with multiple measurements of biochemical data
to verify chronicity of disease.?’ Estimates from available longitudinal studies including
ARIC and the Cardiovascular Health Study suggest that the incidence of CKD ranges
between 10,350 per 1 million person-years and 13,000 per 1 million person-years, varying
based on the definition of CKD used.?’ Prevalence of CKD as estimated by the National
Health and Nutrition Examination Surveys (NHANES) after taking into account differences

in calibration of creatinine measurement have remained relatively stable since the 1990s2"%,
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with the population distribution of eGFR exhibiting a shift towards lower eGFR levels since
NHANES 1988-1994.%8 Recent estimates (2011-2014) suggest a CKD prevalence (stages 1-
5) of 14.8%, with the majority of the CKD population exhibiting moderate disease or stage 3
CKD.*®

With limited data on to burden of kidney failure over time, ESRD is often used as a
surrogate endpoint. Trends of rapidly increasing incidence of ESRD in the 1980s, and 1990s
have stabilized over the last decade, however, increasing survival rates contribute to an
increasing prevalence of ESRD.?”# Fitting with this trend, the adjusted incidence rate of
ESRD in 2012 (353 per million/year) was the lowest recorded incidence rate for ESRD since
1997. Improved screening, and emphasis on management of CKD, blood pressure, and
glycemic control have resulted in lower incidence rates for ESRD, albeit in the presence of
marked variation by geographic region, age, and race/ethnicity.?”* The Unites States Renal
Data System (USRDS) reports 636,905 prevalent cases of ESRD at the end of 2012 with the
prevalent dialysis and transplant populations being 57.4% and 77.7% larger than in 2000,
respectively.®® Increases in the prevalence of ESRD reflects advances in medical care and
maintenance of patients on dialysis, as well as longer survival time among patients with
kidney transplantation.?’

Rate of rehospitalization have remained relatively unchanged over the past decade.
All cause rehospitalization rates within 30 days for U.S. residents without CKD, those CKD
and those with ESRD were 17.4, 24, and 33 percent respectively, reflecting a near doubled
rehospitalization rate among the ESRD population compared to the general population.®® In

the Medicare database, patients with recognized CKD account for 18% of total expenditures
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but only represent 9% of the patient population.® When ESRD is included in these
estimates, CKD and ESRD combined account for 24% of the Medicare budget.'®

Estimates of the cost-effectiveness of CKD prevention suggest that $18.56 and $60.61 billion
in direct health care costs could be saved in a decade if at the beginning of 2010 the yearly
rate of decline in GFR decreased by 10% and 30%, respectively, in every patient with GFR
of 60 mL/min/1.73 m? or less.?®! Decreases in blood pressure could help realize these cost
savings as well as declines in disability due to CKD. As the burden on the healthcare system
of treating and managing individuals with CKD continues to rise, preventing the
development of incident cases of CKD and ESRD affords the best opportunity to combat

kidney disease.

3.3.2 Quality of life and disability

Even in early stages of renal decline, manifestations of CKD can cause substantial
decreases in the physical and mental capacity of those with CKD, leading to decreases in
quality of life and increased disability. Estimates using NHANES 2006-2011 suggest that
difficulty with activities of daily living was 2 to 3 times more likely in those with CKD
stages 1-4 than individuals with no CKD.%? Symptoms associated with advanced kidney
disease, such as edema, fatigue, and cognitive difficulties, have a greater impact the quality
of life and functional capacity in ESRD. Physical limitations resulting from diminished
muscle function and CKD complications can limit the most basic daily activities of kidney
failure patients including walking.1%® Research suggests that only 60% of nondiabetic and
23% of diabetic ERSD patients are able to perform any physical activity outside of self-
care.!% These limitations, in conjunction with the need for frequent dialysis, increases the

burden of unemployment and depression in this population.%
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With transplantation only available to suitable candidates, dialysis as a long-term
treatment plan is often accompanied by long-term disability.1%* Measures of disability that
quantify both premature mortality and time spent in states of reduced health have been
developed to describe the magnitude of disability commonly reported among people with
CKD and kidney failure®* and will be used for Specific Aim 2. Disability weights, which
describe disease severity ranging from 0 to 1, have not been estimated for CKD stages 1
through 3. For stage 4 CKD and kidney failure with dialysis, disability weights are estimated
at 0.104 and 0.571, respectively, indicating that disability is greatly increased when dialysis
is required.?® With kidney transplantation, disability weights are considerably reduced to
0.024 with observational evidence supporting increases in psychosocial factors, employment

and physical ability following transplantation.%®

3.3.3 CKD Mortality

Despite increased screening and emphasis on management of CKD and its risk
factors, CKD is the eighth leading cause of death in the United States (2010).% As renal
function decreases, mortality rates increase with risk of death being higher than the risk of
progression to ESRD. 107110 |n 2012, the adjusted mortality rate for Medicare patients age 66
or older with CKD stage 1,2, or 3 was approximately 63 deaths per 1,000 patient years
compared to 78 deaths per 1,000 patient years among those with stage 4 or 5 CKD and 52
deaths per 1,000 patient years among those without CKD.*® CKD’s association with other
traditional risk factors such as diabetes, hypertension, and obesity greatly increase an
individuals’ risk of death particularly for cardiovascular causes of death.}?11® CKD patients
without CVD or diabetes experienced an adjusted mortality rate of 47 deaths per patient year

compared to 103 deaths per 1,000 patient year among individuals with both diabetes and
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CVD.® High rates of mortality, which appear greater for men, limit the number of survivors
who progress to requiring dialysis or renal transplantation.'!

Net reductions in mortality of 28, 47, and 51% among hemodialysis, peritoneal, and
transplant patients respectively since 1993 have contributed to a trend of declining ESRD
mortality overall.®® Despite these decreases in mortality, only 54% of hemodialysis patients
and 65% of peritoneal dialysis patients survive past three years after initial onset of ESRD.%
Among dialysis patients between 30-50 years of age, remaining lifetime estimates are a third
of lifetime estimate for those of the same age in the general population.®® In addition to
quality of life benefits, individuals who receive a kidney transplant have the highest ESRD
survival and remaining lifetime estimates at approximately 85% of those for the general
population. Remaining lifespan for dialysis and transplant patients aged 45 to 49 years are 9
years and 25 years respectively and approximately 4.5 and 13 years, respectively for those

aged 65 to 69 years.

3.3.4 CKD awareness and CKD screening guidelines in clinical practice settings

Screening programs are typically employed in a population when the presence of a
treatable health condition of significant magnitude can be tested for in an economically
balanced and safe manner to allow intervention before late stages of disease.!*? Current
assessments of screening programs establish that programs should integrate education,
testing, and clinical services into screening efforts, and additionally strive to provide
equitable access to screening for the whole target population.t!? Such programs should also
have clear benefits that outweigh associated harms.**? In order for a screening program to
effective, the interval between detection due to screening and the time at which diagnosis

would have occurred without early detection should yield enough lead time in the detectable
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preclinical period to provide for beneficial early treatment that improves the prognosis.
Screening tests should be valid, repeatable, and easy to perform.1*2113 The criteria noted
above have been widely used to determine the appropriateness of screening for population as
a whole or among groups at increased risk for disease.

Given the asymptomatic nature of CKD in early stages, screening programs have
been considered to identify CKD in the preclinical phase to facilitate early treatment and
improving long-term outcomes. For the general asymptomatic population not at increased
risk for CKD development, the U.S. Preventative Task Force (USPSTF) has concluded that
insufficient evidence exists to assess whether the benefits of CKD screening outweigh the
risks or harm associated with routine screening.!** To-date, no studies have assessed the
sensitivity and specificity of screening tools for CKD.** Furthermore, the benefits of
treatment of early CKD in patients that are neither diabetic or hypertensive remain
unproven.!'* False positives and unnecessary medical treatment are noted as the most likely
harms associated with screening for early CKD.'4

KDIGO does recommend CKD screening for populations at increased risk for CKD,
including those with hypertension, diabetes, and CVD since clinical trials support the
efficacy of treatment for these condition in reducing the progression of CKD.>"1 Other
target groups that should be evaluated for screening effectiveness include those characterized
by advanced age, obesity, metabolic syndrome, smoking, those of some chronic infectious
disease such as HIV, and individuals with a family history of CKD.*® Although clinical trial
data assessing the effectiveness of screening is lacking, yearly CKD screening of this high
risk population is suggested, including both a urine specimen for proteinuria and a blood

specimen for creatinine-based estimation of eGFR.>"'° Although no federally supported
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CKD screening programs exist, the National Kidney Foundation’s Kidney Early Evaluation
Program (KEEP) targets these populations at high risk of CKD for a free, voluntary
screening test with measurements that include serum creatinine, albumin-creatinine, blood
pressure, plasma glucose and hemoglobin.®” The identification of a significant number of
participants with previously undiagnosed hypertension, diabetes, and decreased eGFR is
taken to support the utility of community-based targeted health screening programs such as
KEEP.116

KEEP also strives to increase awareness of CKD and its relationship with CVD by
providing participants with educational materials highlighting diabetes, hypertension,
proteinuria and CKD!’ and physician referrals for participants with positive screening
results.>"*® Comparisons between KEEP and NHANES participants suggest that despite
educational programing KEEP participants were less aware of CKD risk compared to
NHANES participants, highlighting the missed educational opportunity during physicians
visits for management of CKD risk factors such as diabetes and hypertension.**® Even with
the provision of clinical practice guidelines and community awareness events, national
awareness of the causes, risk factors and treatment options for CKD did not improve from
1999 to 2006, and remains low.1%12% Patient level data indicate a lack of perceived risk
among individuals at increased susceptibility of disease, and a general lack of knowledge
about CKD, particularly among individuals with no family history of CKD.*?° Healthcare
provider data report an unacceptably low level of CKD knowledge and KDOQI guidelines
for early CKD management among primary care providers, associated with suboptimal early

referral and transfer of knowledge to CKD patients.*?® These deficiencies in CKD awareness
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stress the importance of community, patient, and physician level public health programming
to increase early awareness and intervention in those vulnerable to CKD development.?°
National education programs sponsored by the National Institute of Diabetes and
Digestive and Kidney Disease (NIDDK), such as the National Kidney Disease Education
Program (NKDEP), work to improve the understanding, early detection, and management of
CKD. Efforts toward this goal include maintaining a database of relevant kidney disease
publications, developing and distributing CKD educational materials supporting family based
interventions, facilitating identification of at risk patients, and improving care among CKD
patients.®” The NKDEP collaborates with several government, health care, and community
agencies to encourage testing among at-risk populations, with programming developed and
targeted specifically to reduce CKD disparities in population with increased burden of
disease. For example, a focus on African Americans capitalizes on traditional family
reunions and the prominent role of the church in this community, to encourage families and
congregations to discuss CKD risk factors and pursue diagnostic testing. Free informational
kits designed to facilitate sharing of information with lay community members are provided
to volunteers who disseminate this information to their peers. NKDEP has also increased
awareness and education among health professionals by providing guidance to diabetes
educators and dietitians on CKD prevention and dietary therapy.'?* Continued efforts from
NKDEP and other federal or community entities could aid in improving CKD awareness,

identification, disparities, and care in the future.

3.3.5 CKD and ESRD Surveillance

CKD surveillance is an essential public health activity for ongoing systematic

collection, analysis, interpretation and dissemination of key information including the
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development and severity of disease that can be used for public health planning and
evaluation of CKD management.'?? The primary role of disease surveillance is to increase
knowledge so that the disease may be prevented, or harm attributable to the disease may be
minimized. Several federally funded surveillance registries and surveys exist in the US to
inform on CKD and its complications including the USRDS, Centers for Medicare and
Medicaid Services (CMS) ESRD Network System, NHANES, and Quality Improvement
Organizations (Q10).%’

Funded by NIDDK in 1989, the USRDS is the largest national ESRD surveillance
system, comprehensively charged with collecting and analyzing data on the human and fiscal
burden of CKD, particularly for ESRD treatment.'?3124 At its expansion in 1999, the USRDS
declared 6 main goals: 1) to design and implement a renal database, providing expertise in
analyzing collected data, 2) report on the incidence, prevalence, treatment and mortality
trends over time, characterized by socio-demographic variables, 3) develop and analyze
aggregate data on renal disease prevention, treatment, progression, mortality and morbidity,
4) identify areas in need of more in-depth research focus, 5) evaluate cost-effectiveness of
ESRD treatment and 6) disseminate collected data to other kidney disease investigators.?3
Given the role of federal funding in providing treatment for the vast majority of ESRD
patients, data provided to the USRDS is supplied through mandatory reporting of renal
replacement therapy (RRT), basic demographic information, and basic laboratory data on all
ESRD patients.*?® The USRDS publishes an annual data report that describes updated kidney
disease epidemiology statistics through figures and tables that are accessible to the general

public. Several special reports sponsored by the USRDS have provided essential information

37



regarding nutrition therapy, end of life care, and the burden of CVD among ESRD
patients.%1%

CMS’s ESRD Network Program was mandated in 1972 to improve cost effectiveness,
foster patient rehabilitation, ensure quality of care, and encourage safe renal replacement
therapy among the providers of dialysis to ESRD Medicare and Medicaid beneficiaries.!?®
During this time, 32 networks were developed to integrate hospitals and other health care
facilities providing dialysis with the federal government to ensure coordinated delivery of
reliable ESRD care to all patients. The Network Program currently consists of 18 ESRD
networks, assigned to work with patients and providers in their assigned geographic region to
improve quality of treatment and clinical outcomes.?61?" Dialysis centers in each ESRD
network are required to participate in ESRD networks and fund these centers through a $0.50
fee paid per treatment from their dialysis reimbursements.*?® Through this self-funding
mechanism, the Networks are able to collect patient and provider level data for surveillance
of ESRD and evaluate the appropriateness of patient care provided by dialysis facilities, as
described in Dialysis Facility Reports.*?” The Consolidate Renal Operations in a Web-enable
Network (CROWNWeb) funded through CMS (2008) provides an additional registry system
that enables dialysis facilities to electronically report clinical laboratory results and treatment
quality measures mandated of dialysis facilities.*?” Electronic data submitted through
CROWNWeb improves patient care and quality evaluation by providing real time
surveillance of clinical performance results.

While both the previous surveillance programs concentrate on ESRD, surveillance

data on earlier stages of CKD is less abundant. Nationally representative samples of the

NHANES cross-sectional surveys have frequently been used to describe the prevalence of
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CKD and the trends in the US burden of CKD over time.>!? While these surveys capture
demographic data and information on levels and awareness of risk factors for CKD, detailed
laboratory data is only available in a subset of the population.?® A lag also exists between
collection and dissemination of data for analysis by research, limiting the availability of
contemporary epidemiologic data.*?°

To provide more comprehensive passive surveillance of CKD, the CDC has
developed a CKD Surveillance System to measure the burden and awareness of CKD, its risk
factors, and complications in the U.S. population over time.*?® Similar to the efforts of the
ESRD Network Program for data collection on ESRD, the CDC Surveillance System also
collects measures needed to evaluate, monitor and implement quality improvement in health
care capacity and management of CKD.*?° A comprehensive variety of existing data sources
were compiled for inclusion in the surveillance system including health care data from
managed care plans, government insurance plans, community health centers, registries,
population surveys and cohort studies.'?® Reports developed by the CDC CKD surveillance

program are disseminated to the research and medical community regularly to increase

awareness of CKD and to generate a knowledgeable supportive network of stakeholders.*?

3.4 Kidney disease risk factors

Many factors, both modifiable and non-modifiable, have been shown to increase the
risk or odds of development and progression of kidney dysfunction (Figure 6). Modifiable
risk factors that accelerate declines in renal function, such as diabetes and elevated blood
pressure, reportedly contribute to over 70% of CKD and ESRD cases.” Heredity, gender, race

and aging also influence the development, progression, and prognosis of CKD and highlight
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groups disproportionately affected by the disease. A review of selected traditional and non-

traditional risk factors contributing to CKD and kidney failure is provided below (Figure 7).

W 1988-1954
[[199%-2004
W 2007-2012

Adjusted odds ratio
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Figure 6. Adjusted odds ratios for CKD risk factors NHANES 1988-2012

Data Source: National Health and Nutrition Examination Survey (NHANES), 1988-1994, 1999-2004 & 2007
2012 participants age 20 & older; single-sample estimates of eGFR & ACR. Adj: age, seX, & race; eGFR
calculated using the CKD-EPI equation. Whisker lines indicate 95% confidence intervals. Abbreviations: BMI,
body mass index; CKD, chronic kidney disease; CVD, cardiovascular disease; DM, diabetes mellitus; HTN,
hypertension; SR, self-report. Figure source: USRDS 2014 report

Elevated blood pressure

Hypertension, denoted by sustained elevation in blood pressure above the treatment
threshold, is the most common primary diagnosis in the United States®® and the second
leading cause of CKD.® In the US, prevalence of high blood pressure increases with age
with approximately 19.2% and 61.2% of Americans between the aged 18-59 years and >60
years, respectively having blood pressure measurements above the treatment thresholds
defined by JNC 8.1%° Elevations in blood pressure can damage the kidney vasculature and
impair glomerular filtration.%* Even blood pressure levels that are considered “high-normal”

(defined as systolic blood pressure between 130 and 139 mmHg or diastolic 85 to 89 mmHg)
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are associated with a 3-fold greater risk of future development of ESRD. 1% The prevalence
of high blood pressure increases with severity of CKD.*3! Nationally representative data from
NHANES 1999-2006 estimated the prevalence of JNC 7 defined high blood pressure in the
population without CKD as 23.6%, compared to 35.7% among stage 1, 52.2% among stage
2, 64.1% among 3, and 82.2% among stage 4-5 CKD populations.**? Prevalence of
hypertension also varies by cause of CKD; strong association with hypertension was reported
in patients with renal artery stenosis (93%), diabetic nephropathy (87%), and polycystic
kidney disease.

In combination with other CKD risk factors including dyslipidemia and diabetes,
hypertension contributes to the high rate of cardiovascular events among the CKD
population. CVD is the leading cause of morbidity and mortality among the CKD
population, with risk of CVD increasing as GFR declines.'%13 For example, in individuals
with normal kidney function, CKD stage 1 or 2, the age-standardized baseline rate of
cardiovascular events is 21 events per 1000 person-years compared to 37, 113, 218, or 366
events per 1000 person-years among people with CKD stage 3a (GFR of 45 to 59), 3b (30 to
44), 4 (15 to 29) or 5 (<15).85:132
Type 2 Diabetes

Diabetes, which affects approximately 9% of the US population, is the leading cause
of CKD and contributes to an estimated 50% of all ERSD cases in the US.*3* Chronic
hyperglycemia causes glomerular hyperfiltration leading to an increased output of urine. In
response, blood vessels in the kidneys constrict to slow the loss of fluid from the body. With
insufficient blood supply, the kidneys become damaged and optimal function is impaired.

Diabetic nephropathy is characterized by the development of hypertension, progressive
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albuminuria, and decline in GFR.3 Between 20 to 30% of persons with diabetes develop

135

kidney disease*°* and decline in kidney function occurs more rapidly in those with poor

control of blood glucose levels.t%
Age

Structural and functional changes in aging kidneys decrease kidney mass, renal blood
flow,"*" and recovery from infections, making age a key predictor of CKD.*#% Arterial
changes in elasticity and intimal thickening associated with advancing age resemble
arteriolar nephrosclerosis attributed to hypertension even in normotensives, but is
exaggerated in those with hypertension.'® Blood pressure rises that accompany aging in
Western societies have also been linked to decreases in kidney function and faster declines in
renal perfusion. The number of glomeruli begins to decrease around 30 years of age and is
generally reduced by 30-50% by 70 years of age. In conjunction with reduced glomerular
count, GFR begins declining at age 30 and gradually declines annually by approximately 1
mL/min/y/1.73 m2, falling to an average of 70 mL/min/1.73 m2 by 70 years of age.**! The
likelihood of being diagnosed with CKD has been shown to increase with age,>*3 with the
highest likelihood being among those age 80 and older.'® In individuals older than 65 years
of age, 11% of those without hypertension or diabetes had stage 3 or worse CKD*?, and 25%
of new dialysis patients are age > 75 years.!?* With the occurrence of co-morbid conditions
increasing with age preventing or delaying risk factor development could improve functional
impairment, quality of life, and disability in later life.
Race and Ethnicity

The observed disparities by race in CKD progression are likely do to both modifiable

lifestyle factors and genetic predisposition. With the rate of kidney decline being more rapid

42



in African Americans, the risk of ESRD attributed to hypertension in African Americans is
observed to be approximately 5 times that of age matched white American.**3'#* In addition
to an earlier occurrence and greater severity of hypertension in African Americans, other risk
factors such as diabetes, high sodium intake, adiposity, and physical inactivity are
disproportionately prevalent in this group.1*>4" New investigations into this disparity
highlight an association between two independent sequence variants in APOL1 and renal
disease including focal segmental glomerular sclerosis and ESRD due to hypertension in
African-Americans, with 50% and 10-15% of African Americans carrying at least one allele
or two alleles, respectiviely.'*314® African Americans with two alleles have up to an 18-fold
higher risk of nondiabetic ESRD compared white Americans.**
Cigarette smoking

Like many CKD risk factors, cigarette smoking contributes to CKD through direct
kidney injury and the promotion of kidney damage in patients with other CKD risk factors.
Cigarette smoking is associated with decreases in GFR, and increases in serum creatinine,
microalbuminuria, and proteinuria.’>>'>2 Smoking may also promote loss of kidney function
through damage caused by vasoconstriction and increases in blood pressure.*>*%* Smokers
with hypertension or diabetes experience more rapidly declining kidney function than non-
smokers.?> Experimental and observational studies suggest that smoking cessation can slow
the progression of CKD, supporting the use of both the prevention of smoking initiation and
of smoking cessation programs in the prevention of CKD%21%¢
Diet

In addition to the influence of dietary patterns on hypertension, diabetes and obesity,

dietary protein and salt have been reported to be associated with progressive kidney damage.
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The initial step in urine formation requires filtration of fluid until it is nearly free of protein.
The ingestion of excessive dietary protein may result increased absorption of salt and induce
a continued increased in renal hyperfiltration. Increased absorption can lead to a decrease
sensitivity of the tubuloglomerular feedback mechanism, causing rises in glomerular pressure
and damage to the kidneys’ structure and function over time. Some theories also suggest that
increases in GFR and renal blood flow due to high protein intake may result from actual
growth of the kidney. Evidence from meta-analyses support the correlation between lower
protein intake and a reduced rate of GFR decline for patient with reduced kidney
function.®™"1%8 High sodium intake may also induce hyperfiltration and glomerular pressure
harming the kidneys.>°
Obesity

Obesity increases the risk of CKD through its relationship with other risk factors, but
also independently shows a strong graded association with the risk of CKD and ESRD.6%:161
Obesity is posited to induce hypertension by increasing renal sodium reabsorption,
stimulation of the sympathetic nervous system and the RAS complex.’®! Obesity also
increases the risk of diabetes through mechanisms that induce insulin resistance. In addition
to these pathways, biopsy studies have found renal lesions in obese individuals that are
unrelated to diabetic nephropathy or hypertensive nephrosclerosis.*62163 Hyperfiltration and
elevations of renal plasma flow in the obese may also predispose to the development of focal
segmental glomerulosclerosis and proteinuria.'®® Although the exact pathways are still being
investigated, weight loss has been proven been effective in decreasing the rate of kidney

function loss.164
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Gender

The incidence of CKD and the rate of kidney disease progression differ by gender,
with men experiencing a higher rate of progression of CKD and a poorer prognosis than
women, independent of blood pressure levels. %1% Possible mechanism for the protective

167 resistance to angiotensin 11,168 lower

affect among women include smaller kidney size,
protein intake, and better lipid and risk factor patterning at earlier ages. The role of estrogen
in the release of nitric oxide and the regulation of the RAS complex has also been cited an
explanation of the better outcomes among women.*%*17% Incidence of hypertension at
younger ages and poor hypertension control among men also contribute to increased duration
of elevated blood pressure and its damage to kidney function.®
Physical inactivity

Physical inactivity is associated with the development of obesity,*’*1"2 elevated blood
pressure,'’® and diabetes.'’4"> Among diabetics, physical activity decreases the
development of renal complications®’® and in those with CKD, physical activity deceases the
rate of GFR decline.r”” Studies of long-term increased physical activity have shown that
physical limitations that influence quality of life for many CKD and dialysis patients could
be improved with increased physical activity.*’817°
Family history

Observational studies suggest that individuals with two or more first degree relatives
affected by kidney disease have a 10-fold increase in the odds of kidney failure after

adjustment for covariates.® Among African Americans, 26% of prevalent ESRD cases

report a first- or second-degree relative with CKD or ESRD.*! Clustering of kidney disease
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within families and across racial groups suggests that genetic factors influence the
predisposition, origination, and progression of ESRD,8118 although the contribution of
shared norms and lifestyle factors cannot be ruled out. Heritability estimates for CKD
reportedly vary from 20 to 80% but remain largely unexplained.8* Large genome-wide
association studies have found at least 30 loci for renal function and CKD, several of which
in the SLC family of genes which encodes proteins responsible for active transport.'&
Genetic, sociocultural or environment factors clustered within families likely are associated
with risk factor development® and increases in risk within families affected by kidney

disease.
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Figure 7. Directed acyclic graph representing pathways between blood pressure values
at baseline and development of incident CKD
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3.5 Pathophysiology

Although pathophysiologic mechanisms for kidney damage are heterogeneous,
models of kidney injury commonly depict the occurrence of irreversible tubulointerstitial
fibrosis, which elicits further damage and progressive deterioration of kidney function.*®” In
the absence of methods to ameliorate permanent injury within the kidneys, delaying the
commonly observed progression of kidney decline over time in individuals with CKD,
through intervention on factors that contribute to more rapid decline, remains the focal target
of treatment.*® Once GFR has been reduced to approximately 50% of normal aptitude, a
progressive loss of function occurs, regardless of the elimination of the initial cause of
function loss, thus emphasizing the importance of early detection for management of CKD, a
diagnosis that is often delayed due to the asymptomatic nature of the early stages of the
disease.'® Primary prevention of kidney injury through avoidance or control of factors
associated with the development of CKD is a compelling approach to preserving kidney
function and to prevent or delay the development of incident CKD. One of the highly
prevalent risk factors that exhibit an association with increased incidence of CKD is elevated
blood pressure. Lowering blood pressure and controlling hypertension has been shown to
slow the progression of renal disease regardless of the initial cause of CKD.'®® Primary and
secondary hypertension both play a role in renal disease, with hypertension being a cause as
well as a consequence of CKD. Thus, reducing blood pressure and improving control of
hypertension are essential components of strategies aimed at decreasing the burden of CKD.

Blood pressure’s role in the development of renal disease is discussed in more detail below.
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3.5.1 Elevated blood pressure and chronic kidney disease

Both systolic and diastolic blood pressure show a graded, continuous relationship
with CKD,10191-193 with rates of CKD increasing as blood pressure rises. Elevated blood
pressure can precede the development of CKD and escalate progression of renal dysfunction
by causing renal vascular damage. The disproportionately large cardiac output and rate of
blood flow allocated to the kidneys as well as the extensive renal vascular system make the
kidneys vulnerable to pathological changes from sustained exposure to elevated blood
pressure. Despite the large burden of CKD attributed to hypertensive disease, morphologic
evidence of the pathogenesis of hypertensive nephrosclerosis remains unclear.®* Two main
pathophysiologic mechanisms have been suggested as underlying the development of
hypertensive nephrosclerosis: vascular and glomerular changes, and interstitial nephritis.
Vascular and glomerular changes

Elevated systemic blood pressures can initiate vascular anatomical changes such as
vascular hypertrophy, intimal thickening and luminal narrowing of the kidneys’ arteries and
glomerular arterioles leading to CKD.1%41% Stated simply, the force of blood flow against
vessel walls is a product of cardiac output and vascular resistance.®® As discussed in section
3.1.1, afferent and efferent arteries in the glomerulus primarily auto-regulate the range of
blood pressure and volume of blood flow through vasoconstriction and vasodilation.
Afferent arterioles mitigate the transmission of abnormally high blood pressure into the
glomerulus by signaling contraction of smooth muscle; with coordinated efferent arteriole
vasoconstriction and dilation, tension on the arterial wall is released.?” As a result of habitual
vasoconstriction, afferent arteriole smooth muscle cells hypertrophy. Under conditions of

high blood pressure, blood in the arterial tree between the aortic valves and the capillaries
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causes barotrauma to the smooth muscle and endothelial cell of the vessel wall.?” Smooth
muscle cells respond to barotrauma by secreting pro-inflammatory cytokines and
extracellular matrix of fibrin, collagen, and lipid in the sub-intimal space. Structural and
cellular changes of the arterial wall and media-to-lumen ratio, resulting from systemic high
blood pressure and aging, can decrease compliance, exposing the interlobular arteries and
afferent arterioles to increased blood flow pulsatility and velocity. The resulting adaptive
changes expose the efferent arterioles and tubules to hypoperfusion.?’

Acrterial stiffening caused by degradation of elastic fibers in the large or medium (1
mm to 25 mm) arteries begins in early life becoming progressively severe as elastic fibers
degrade with age. Increases in force of blood flow and strain on the wall can damage the
endothelial cells of the tunica intima, resulting in dysfunction of the barrier between blood
and the basement membrane. As barrier cells of the tunica intima begin to destruct,
permeability to substances in the blood, including low-density lipoprotein (LDL), collagen
and myofibroblasts, increases. In turn, LDL in the sub-intimal space attracts macrophages
(which consume LDL and become foam cells), leading to inflammation, necrosis and the
formation of atherosclerotic lesions. Smooth muscle cells from the tunica media migrate into
the tunica intima contributing to the organization of the atheromata, and the deposition of
calcium into the lesion. Fibrous lesions, intimal thickening and vascular remodeling from
these processes gradually decrease the lumen radius while calcification causes the wall to
become firm and non-compliant.'®” Elevated blood promotes and accelerates these
pathophysiologic processes. Arterial remodeling and stiffening results in increased vascular
resistance and in pulsatile blood flow reaching the muscular afferent arteriolar supplying the

kidneys.541%
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In addition to arterial the stiffening and/or arteriosclerotic changes in the larger
arteries, high blood pressure can cause smaller renal arteries (0.01 mm -1 mm) to undergo
arteriolosclerosis and lose compliance, leading to hypertensive kidney disease.'®® The
enhanced blood pressure gradient on the vessel wall can force circulating proteins across the
tunica intima and basement membrane, into the tunica media. Hyaline arteriolosclerosis is
characterized by the leakage of plasma proteins such as C3b in hyaline material across the
endothelium. Accumulation of hyaline, comprised of fibrin, collagen, and lipids, and
proteins thickens arteriolar wall and increases synthesis of basement membrane components
by smooth muscle cells.?® Entrapment, accumulation, and deposition of hyaline into small
cortical scars or lesions in arterioles leads t glomerular atrophy by narrowing the lumen of
the vessels and decreases blood flow to the glomerulus, and thus filtration.?’ Hyaline
arteriolosclerosis eventually spreads throughout the glomerulus leading to chronic ischemia,
nephron loss, and reduced renal size. Hyaline arteriosclerosis is accelerated by sustained
elevated blood pressure leading to decreases in blood perfusion and GFR, with increased
ischemic injury and nephron loss.?®

Hyperplastic arteriolosclerosis is associated more with malignant high blood pressure
and hyperglycemia than is the case for systemic high blood pressure, and presents as
concentric thickening of vessel walls and narrowing of the lumen. Increased blood pressure
or blood glucose diminishes the vascular wall’s ability to withstand stress, allowing serum
proteins and macromolecules to penetrate the basement membrane and insudate the tunica
media.?’* Thickening of smooth muscle cells through rapid cell proliferation in hyperplastic
arteriosclerosis is distinct as the pattern of thickening by concentric layering of cells

resembles an “onion skin”.2%2 Concentric layering and reduplication of the basement
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membrane eventually dominates the lumen space resulting in decreased blood flow and
reduced GFR.194.201

Hypertension is also one of multiple etiologies associated with glomerulosclerosis
and glomerular hypertrophy.®* Vascular damage from high blood pressure can scar segments
of the glomeruli, with increases in accumulation of glomerular collagen material that
produces sclerosis of lesions.?” As effected nephrons begin to succumb to scarring and
hypoperfusion, hyperfiltration and enlargement of the remaining nephrons compensates for
the decrease in filtration capacity from the loss nephrons in order to maintain a continuously
high GFR.?" Increased glomerular capillary pressure to the remaining nephrons causes both
epithelial and endothelial cell damage, as well as compensatory intraglomerular hypertension
and hypertrophy in the surviving glomeruli,?” perpetuating the cycle of injury leading to
greater progression of focal and segmental sclerosis. Eventually GFR diminishes as a
consequence of advanced loss of surface area, hypertrophy and sclerosis.
Tubulo-interstitial diseases

Tubulo-interstitial diseases have also been proposed as a possible mechanism by

which high blood pressure contributes to the burden of CKD and ESRD. Chronic ischemia
and hypoxia, which can result from hypertension, are the most significant attributing factors
for the development of interstitial fibrosis.?”¢42%! In interstitial fibrosis, ischemia, loss, or
impairment of peritubular capillaries impairs tubular oxygen supply damaging tubular cells
and epithelium.®* Hypoxic conditions in the renal interstitium promotes destructive
fibrogensis in fibroblasts and increased synthesis of extracellular matrix, further separating
oxygenated blood in the remaining peritubular capillaries from tubular cells..6#2* Once

evoked, the CKD environment also stimulates atypical apoptosis of normal glomerular and
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tubular epithelial cells and excessive recruitment of macrophages, perpetuating fibrosis,
apoptosis, and kidney dysfunction.®#2°1:203 Although the etiology remains controversial,
experimental evidence supports the role of molecular and cellular mechanisms causing an
inflammatory response and subsequent renal injury after the development of high blood
pressure, particularly among those with salt-sensitive hypertension.?°42% As a result of these
processes, kidney and tubular atrophy and interstitial fibrosis contribute to the functional

impairment of the kidneys.

3.5.2 Blood pressure elevation induced by CKD

Approximately 75% of individuals with GFR less than 30 mL/min/1.73 m2 are
diagnosed with hypertension,®’ reflecting both the role of blood pressure elevation both as a
leading cause and a consequence of renal disease associated with decline in kidney function.
Since the kidneys play a pivotal role in the regulation on blood volume, hormone secretion,
and solute concentration, renal dysfunction and renal disease can contribute to sustained
blood pressure elevation through several mechanisms. Pathways to the development of
blood pressure elevation resulting from kidney disease include impaired salt and water
excretion, activation of the RAS complex, elevated sympathetic nervous activity, and
increased arterial stiffness.?’

Pressure natriuresis refers to increased urinary sodium excretion that occurs when
arterial blood pressure is elevated.?” As discussed in section 3.1.1, balance of fluids and
electrolytes in healthy kidneys is regulated through appropriate changes in GFR, tubular
reabsorption, and urinary secretion, allowing for maintenance of extracellular fluid volume.
Normal natriuresis undergoes compensatory increase in sodium and water excretion in

response to increases in blood pressure , thus reducing extracellular fluid, blood volume, and
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normalizing blood pressure.?”?% Severe reductions in GFR or high dietary sodium intake in
CKD can impair the pressure-natriuresis relationship and allow for increased tubular sodium
reabsorption and retention, and thus large extraceullular fluid expansion, despite elevated
levels of blood pressure.?%® This failure to maintain normal volume homeostasis increasingly
shifts the sodium excretion and blood pressure balance to higher levels of blood pressure,
making high blood pressure a necessary adjustment for preserving normal levels of excretion
of sodium and fluids.?’

Functional nephron loss due to ischemia or infarction of renal tissues in CKD results
in less surface area to accomplish filtration and excretion of sodium and water from sustained
volumes of fluid. With permanent nephron loss, blood flow and pressure increase to aid
surviving nephrons in compensating for the need to balance filtration and reabsorption of
sodium and water with reduced kidney mass.?’” The remaining nephrons also undergo
compensatory structural and functional changes resulting in hypertrophy and hyperfiltration,
which ultimately lead to intra-glomerular hypertension and thus accelerated sclerosis of the
remaining nephrons.?’

Increased dietary sodium intake and changes in sodium reabsorption also contribute
to the development of high blood pressure in CKD. In addition to sodium-fluid balance
abnormalities which increase pressure under high sodium intakes, with loss of nephrons
increased angiotensin Il or mineralocorticoids can cause salt sensitive hypertension due to
increased proximal, distal and collecting tubule reabsorption.?®® Under conditions where
reabsorption is increased downstream from the macula densa, chronic increases in sodium
chloride transport to the macula densa to maintain sodium balance can drastically suppress

renin release thus allowing high levels of angiotensin Il with high sodium intake, making
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blood pressure salt sensitive.?°’2% \When reabsorption is increased prior to the macula densa,
increases in release of renin stimulates renal vasodilation and renal blood flow promoting
increased GFR and salt-insensitive hypertension.?%® Although responses from the RAS
complex allow for proper balancing of sodium intake and excretion, pressure natriuresis is
shifted to higher levels of blood pressure, with severity dependent on the volume of
reabsorption occurring prior to the macular densa.?%

As discussed in section 3.1, the RAS complex is pivotal for maintaining circulating
salt-water balance and normal blood pressure. When the RAS complex is functioning
properly, sodium balance is maintained over a comprehensive spectrum of sodium intake
levels, allowing for maintenance of near normal blood pressure through the vasocontractile
properties of angiotensin 11.2° Over-production of renin, or unnecessary activation of RAS
produces excess angiotensin Il which acts to acutely and chronically increase blood pressure
by several distinct pathways. Angiotensin Il acts as an effector hormone and is very effective
as a vasoconstrictor, eliciting increased peripheral vascular resistance and increased blood
pressure.?*1213 In the presence of excess angiotensin 11, receptor-dense efferent arterioles
constrict as compensation for reduced GFR from renal injury which restores normal GFR at
the expense of increasing glomerular hypertension and reducing renal blood flow.2%
Additionally, angiotensin Il stimulates the reabsorption of sodium both directly and through
increased release of aldosterone which can diminish the effectiveness of pressure natriuresis,
requiring increases in blood pressure to maintain sodium balance.?** Under conditions of
high sodium intake, angiotensin Il is suppressed, allowing for the appropriate sodium

excretions needed to maintain a normal blood pressure. Hypoperfusion of damaged nephrons

signals increases in secretion of renin, producing excess angiotensin and aldosterone, which
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increases sodium retention, leading to initial hypertension.?® Hypertension can be then
damage the remaining nephrons by causing vasodilation, barotrauma, and glomerulosclerosis
promoting additional nephron loss, reduced kidney function and perpetuation of
hypertension.

The sympathetic nervous system activity is considerably increased in CKD patients,
with suggestions that angiotensin Il increases muscle sympathetic nerve activity (MSNA). Of
note, MSNA is 2.5 times higher in dialysis patients than equivalent controls.?'® Increases in
MSNA is accompanied by undue activation of the RAS complex, and thus contributes to
augmented vasoconstriction, sodium retention, and hypertension. MSNA levels are also
inversely associated with extracellular fluid volume?!’ suggesting that rises sympathetic
nervous system activity can decrease extracellular fluid, contributing to the development of

hypertension.

3.6 Management of high blood pressure

While much research has been dedicated to identifying risk factors for incident CKD
(Section 3.4), less evidence is available to guide or support the implementation of
interventions on these risk factors to prevent the development of CKD.>""2218 Many
observational studies identify elevated blood pressure as a risk factor for development of
CKD,2%%-222 and support the notion of a benefit from blood pressure reduction on the risk of
CKD. Lacking randomization, evidence from observational studies is vulnerable to
confounding bias and insufficient to guide interventions that lower blood pressure toward an
anticipated benefit on the risk of CKD.?*® Randomized controlled trials addressing the
relationship between blood pressure reductions and chronic diseases have mostly

concentrated on cardiovascular outcomes, or progression from CKD to kidney failure due to
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short follow up times.?'® Systematic reviews of observational and experimental studies have
been most influential in the development of guidelines for the clinical management of
elevated blood pressure with CKD risk reduction as their focus. Although strategies exist for
the prevention of elevated blood pressure on a population level, these have not received a
degree of attention consistent with their potential for the reduction of CKD. Instead, the
majority of initiatives are focused on the clinical management of elevated blood pressure
identified through screening for elevated blood pressure and blood pressure control in known

or newly identified hypertensives.??3

3.6.1 Elevated blood pressure guidelines

Introduction to the INC

The Joint National Committee on Detection, Evaluation, and Treatment of High
Blood Pressure (JNC) provides guidance for clinicians on the detection and management of
high blood pressure using periodically updated synopses of the best available scientific
evidence. Before the 1960s, risks associated with levels of blood pressure below 210/100
mmHg were not clearly understood and hypertension management was clinically focused
primarily on treating individuals with severe and malignant hypertension.??* In the following
decades, the development of safe, effective pharmacological agents and emerging evidence
from studies such as the Framingham Heart Study and the Veterans Administration
Cooperative Study highlighted the benefits of reducing hypertension, previously classified as
benign, for the prevention of heart disease and stroke.??>?% In 1972, the National Heart,
Lung, and Blood Institute (NHLBI) established The National High Blood Pressure Education
Program (NHBPEP) designated to increase prevention, awareness, treatment and control of

hypertension.??” To provide guidance on the management of high blood pressure, the
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NHBPEP task force 1 committee produced a 1973 report entitled “Data Base For Effective
Antihypertensive Therapy” which provided practical recommendations for identifying and
treating those with high blood pressure.??® Over the following 3 years, large gains were
achieved in widespread efforts to expand identification high blood pressure to the community
venues and new classes of medications were developed and approved treat high blood
pressure, necessitating updated, streamlined guidelines.??” The first INC report, issued in
1977, addressed the appropriate evaluation of individuals with high blood pressure, provided
a stepped-care approach for treatment and recommend monitoring of long-term control of

high blood pressure.??’

Increasing availability of evidence for the management of blood pressure and
changing therapy options presents a need for continual summarization and updating of
management guidelines. Since the initial INC report, seven iterations (JNC 2-JNC 8) of
blood pressure guidelines have been published by multidisciplinary experts from medicine,
nursing, nutrition, pharmacy and public health chosen to contribute to the development of
JNC reports. JNC guidelines over time have emphasis various aspects of hypertension
management including absolute risks and benefits of treatment strategies, new combinations
and dosages of antihypertensive medications and angiotensin Il receptor blockers, strategies
to improvement adherence to treatment, and control, lifestyle interventions, growing health
care costs, and home monitoring of blood pressure.*>23227-229 Treatment thresholds have
evolved from an emphasis on DBP in all adults to treatment based on SBP and DBP as well
as comorbid conditions that increase risk among subsets of the population with high blood

pressure. Although JNC guidelines do not supersede clinical judgement, particularly among
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patients with multiple risk factors or diseases, succinct user friendly guidelines based on

newly published evidence aids clinicians in approaching hypertension management.

2014 Guidelines for the Management of High Blood Pressure from the Eighth Joint
National Committee

Newly release guidelines for the management of high blood pressure were developed
in 2014 (JNC 8) by a panel of experts charged with reviewing and synthesizing available
evidence on blood pressure interventions and CVD or CKD related outcomes.?® The panel
published nine recommendations that address the choice of blood pressure thresholds for
initiation of therapy by age group and comorbid conditions, as well as criteria for selecting
and managing antihypertensive medications (Figure 8). The 2014 Guidelines for the
Management of High Blood Pressure will be used to identify participants with blood pressure
above treatment initiation thresholds. Treatment thresholds are: for the general population
aged > 60 years, SBP >150 mmHg or a DBP > 90 mmHg; for the general population aged
<60, SBP >140 mmHg or a DBP > 90 mmHg; for those with CKD or diabetes irrespective of

age, SBP >140 mmHg or a DBP > 90 mmHg.?®
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Figure 8. 2014 Guidelines for the Management of High Blood Pressure treatment
algorithm for US adults

While evidence-based, the 2014 blood pressure guidelines and their use are subject to
several limitations. The panel of experts limited its focus to three narrowly motivated clinical
questions regarding the initiation of blood pressure-lowering therapy, the selection of optimal
therapeutic agents, and the management of antihypertensive medications. 2 To answer these

clinical questions the panel restricted the scope of evidence to results from accessible
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randomized controlled trials, constraining the data on heterogeneous participants with diverse
characteristic and comorbidities, as commonly encountered in the general population. Due to
these limitations, many of the recommendations put forward in the 2014 guidelines are based
on moderate, insufficient, or conflicting evidence,?® leading the panel to make expert opinion
recommendations even when the net benefit from blood pressure treatment was unclear. For
example, in the absence of definitive benefits or harms from treatment of blood pressure in
randomized control trials in those younger than 60 years of age, panel members made
recommendations based panel member’s judgement and simplified of the guidelines for

implementation. 3

Comparison of JNC 8 with the previous blood pressure guidelines: JNC 7

The 2014 blood pressure guidelines differ from its predecessor (JNC 7) in several
ways. While JNC 7 clearly defined hypertension and prehypertension using SBP and DBP
categories (Table 4), the 2014 blood pressure guidelines merely identified thresholds for
antihypertensive treatment devoid of formal definitions for high blood pressure
categorization. Randomized control trials that included individuals with normal blood
pressure or prehypertension were also excluded from evidence supporting the 2014
guidelines, leaving a large subset of the population at increased risk of CKD, CVD, and
mortality unaddressed by the 2014 blood pressure management strategies.”®> Emphasis on
clinical recommendations as opposed to increases in risk of CKD as blood pressure increases
also limits the utility of 2014 guidelines for describing risk associated with blood pressure
levels below thresholds designated as requiring antihypertensive treatment. Health
promoting lifestyle modifications were recommended in JNC 7 for adults with

prehypertension;®® the 2014 guidelines did not assess lifestyle intervention or address SBP or
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DBP reductions in those without hypertension but rather expressed support for the 2013

Lifestyle Work Group recommendations.?

Table 4. Definitions of blood pressure categories defined by JNC 7

Normal <120 and <80 Encourage  No antihypertensive unless
Prehypertension  120-139 or 80-89 Yes compelling indication
Hypertension, 140-159 or 89-99 Yes Yes

Stage 1

Hypertension, > 160 or >100 Yes Yes

Stage 2

*adapted from INC 7

Controversially, the 2014 blood pressure guidelines also raised the treatment
thresholds for adults 60 years of age or older to SBP >=150 mmHg as opposed to the more
proactive SBP threshold of 140 mmHg used to identify hypertension and treatment initiation
under JNC 7.1>230 Although an increased blood pressure threshold for older adults is in
agreement with other international policies,?! critics of the higher threshold note the lack of
definitive evidence and the inclusion of underpowered randomized control trials that
suggested no additional benefit was associated with reducing blood pressure to <140/90
mmHg compared to <150/90 mmHg.23%232233 The two main studies cited in the 2014
guidelines report data from the JATOS and VALISH study groups®42% in relatively healthy
Japanese populations with notable low event rates and power to evaluate varying levels of
control on preventing outcomes in older age groups,?*® making generalizability of these

results and validity of recommendations based on them debatable.

The 2014 blood pressure guidelines further simplified the management of blood

pressure by eliminating tighter control recommendation for individuals with diabetes and
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CKD which were largely based on observational studies in JNC 7 (high blood pressure
control threshold of 130/90 mmHg).!®> Although the 2014 statement acknowledges a few
randomized control trials comparing low to moderate blood pressure control levels among
high risk populations, the panel found no high quality trials that met their inclusion criteria of
a randomized control trial with an entirely hypertensive population providing sufficient
evidence to support recommendation of a lower goal.?® In addition to being used as treatment
thresholds, guidelines often double as performance measures introducing the increased
possibility of suboptimal treatment and control under the higher thresholds particularly for

those individuals at increased risk of CKD and CVD.232233

Due to the limitations associated with the 2014 high blood pressure guidelines, we
will also estimate the benefits of treating eligible individuals at the initiation and control
thresholds for antihypertensive medications and lifestyle modifications recommendations by
both JNC 7 and the 2014 blood pressure guidelines. Applying both of the most recent US
blood pressure guidelines will also us to compare the potential impact of more conservative
vs. proactive thresholds for initiation and control of blood pressure on the development and
progression of kidney disease.

Controversy over lower blood pressure treatment thresholds
KDIGO
The 2012 Kidney Disease Improving Global Outcomes (KDIGO) Clinical Practice

Guidelines for the Management of Blood Pressure in Chronic Kidney Disease summarized
available evidence based on systematic literature reviews and provided recommendations on
treatment approaches and lifestyle modifications that reduce blood pressure among those
with CKD.Z*¢ Although these guidelines are focused on defining, managing and predicting

CKD progression, KDIGO guidelines recommend that CKD patients with albumin excretion
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<30 mg/24 hours with office blood pressure >140/90 mmHg be treated so that blood pressure
is consistently maintained at <140/90 mmHg regardless of diabetic status. For CKD patients
with albumin excretion >30 mg/24 hours, treating and maintaining a blood pressure of
<130/80 is suggested for blood pressure control.3” These guidelines provide support for the
benefits of lower blood pressure thresholds, consistent with those maintained by JNC 7, for
slowing progression among individuals with CKD. To our knowledge, guidelines for the
management of elevated blood pressure to reduce the risk of incident CKD have not been

developed, largely due to the lack of research directed toward prevention of incident CKD.

Emerging evidence

Contributing information additional to that in the two latest published JNC guidelines,
the Systolic Blood Pressure Intervention Trial (SPRINT), a large randomized control
treatment trial designed to examine the effects of treating blood pressure lower than currently
recommended goals on cardiovascular disease, has been stopped due to the significant
benefit of reducing blood pressure below goal.?®” The SPRINT trial, initiated in 2009,
followed 9,300 men and women in the US and Puerto Rico for 4 to 9 years, to determine
whether lowering SBP to <120 among those with high blood pressure aged 50 years or older
conferred a lower risk of developing CVD, kidney disease or slow age-related declines in
coginition.?*® Participants were randomly assigned to either the standard group, with
treatment targets of <140 mmHg, or an intensive treatment group, with treatment targets of
<120 mmHg.%° Treatments modified the dosage or type of blood pressure medications
needed to achieve treatment targets in each group with the average participant receiving two

and three medications in the standard and intensive groups, respectively.?*°
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Results published to date suggest that achieving a SBP of <120 mmHg reduced rates
of cardiovascular events, by approximately 1/3 and the risk of death by approximately 1/4, as
compared to the standard target of SBP <140 mmHg.2%"?%® While acknowledging a small
number of renal outcomes, SPRINT found no difference in CKD progression to ESRD or a
decrease in eGFR of 50% or more between the two treatment groups.?*° Furthermore, the
intensive treatment group experienced incident CKD, or a decrease in the eGFR of >30% to a
value of < 60 ml per min per 1.73 m? more often than the standard group (1.21% per year vs.
0.35% per year).?*° The intensive treatment group was prescribed on average a larger number
of blood-pressure medications (2.8 medications for intensive group vs 1.8 in the standard
group), with the use of each class of blood pressure medication being greater in the intensive-
treatment group compared to the standard group.?*® Although ACE inhibitors are known to
have renoprotective effectiveness beyond their effect on reducing blood pressure,®"* use of
ACE inhibitors is also associated with initial rapid declines in eGFR that stabilize over time,
ultimately resulting in less irreversible loss of nephrons and thus slower rates of progression
of CKD.”> ACE inhibitor-induced reduction in GFR resulting from decreases in
intraglomerular pressure can occur in one-third to one-half of all individuals with renal
stenosis.?*%241 Acute effects of increased medication use and dosage for intensive blood
pressure control could potentially complicate the interpretation of incident CKD measures in
this study, as estimates of GFR decline and reduced follow up time in the SPRINT trial do
not differentiate medication effects from those related to actual decreases in SBP.?*
Examination of follow-up measurements collected in the SPRINT trial in the coming years is
necessary to determine the long-term effects of lowering blood pressure thresholds for CKD

development
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A recent 2015 systematic review and meta-analysis, which included the SPRINT trial,
examined the influence of type of antihypertensive medication prescribed, comorbidities, and
baseline blood pressure on the relationship between blood pressure reductions and chronic
disease outcomes and found a non-significant benefit of 10 mmHg reductions in SBP on
kidney failure (risk ratio 0.95, 95% CI: 0.84-1.07).24? Conversely, a meta-analysis of
randomized control trials evaluating treatment targets among those with CKD concluded that
a more intensive treatment regime resulted in reductions in kidney failure events.?*
Compared to standard treatment goals, more intensive blood pressure reductions lowered
both the risk of the composite outcome defined as 50% decline in glomerular filtration rate
with doubling of the serum creatinine level, or ESRD (hazard ratio [HR] 0.82, 95%
confidence interval [C1] 0.68-0.98) and ESRD (HR 0.79, 95% CI 0.67-0.93).2** However,
stratified analysis showed intensive blood pressure treatment only benefitted individuals with
proteinuria at baseline.?*® The trials reporting on adverse events included in this systematic
review found no increased risk among the intensive blood pressure treatment group
compared to standard treatment (RR 1.04, 95% CI1 0.60—1.78).2*% Given the absence of
consensus evidence supporting the benefits of lower therapeutic blood pressure control
targets to yield greater reductions in CKD and kidney failure events, we will only investigate
the potential benefit of treating participants to the JINC 7 and JNC 8 treatment thresholds as
opposed to investigating the benefits of reducing blood pressure to lower blood pressure

thresholds.

3.6.2 Awareness, treatment and control

The publishing and implementation of NHBPEP’s blood pressure guidelines have

made notable improvements in the public awareness, clinical treatment and control of high
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blood pressure. National Health Examination Survey | (NHES 1, 1960-1962) and NHANES
surveys | (1971-1974) and 1l (1976-1980), collected before and after the mass media and
physician education campaigns for improvements in detection, treatment, and follow up of
high blood pressure, showed reductions in mean SBP, age-adjusted proportion of those with
SBP > 140 mmHg, and proportion of those with undiagnosed or untreated high blood
pressure.?** Awareness of high blood pressure among Americans has increased from
approximately 50% in 1976-1980, to 81% in 2007-2008.2424> As appropriate identification
of those with high blood pressure is a necessary first step in improved treatment and control,
gains in high blood pressure awareness were paralleled with substantial improvements in
treatment and control. Over the same time period from NHANES 11 to 2007-2008, treatment
of high blood pressure improved from 31% to 73% while control of high blood pressure
improved from 10% to 50%.%2> Over several decades, the NHBPEP committee’s
prioritization of high blood pressure extended these benefits to reductions in age-adjusted
death rates for CVD, however, improvements are still needed particularly for high blood
pressure control among those with CKD and kidney failure, emphasizing the need for
primary prevention of CKD.
Awareness, treatment and control among those with CKD or kidney failure
Awareness

Among individuals with CKD, NHANES 2007-2012 estimated that 22.5% of those
with high blood pressure are unaware of the condition, corresponding to a 24% decline in
lack of awareness of high blood pressure compared to NHANES 1999-2004.% In studies
where CKD awareness is relatively high, high blood pressure awareness levels are,

correspondingly, much higher with estimates of awareness at 86-99% of those with high
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blood pressure.?*247 Given that detection of high blood pressure is a prerequisite for
appropriate treatment and control, CKD guidelines recommend measuring blood pressure at
each clinic visit.®” Recent studies of high blood pressure awareness found that lack of
awareness of high blood pressure was most prevalent among individuals who did not have a
usual source of health care, or had not had a health care visit within the past year.?4
Appropriate frequent health care visits, blood pressure screening events, community based
awareness programs and self-monitoring of blood pressure continue to be desirable options to
increase blood pressure awareness in the CKD population.?*®
Treatment

In addition to the 22.5% unaware of their high blood pressure and thus not treated,
NHANES (2007-2012) estimates that among those with CKD 6.5% of individuals with high
blood pressure are aware but not treated, leaving opportunity to initiate treatment based on
guideline recommendations.**? Experimental evidence supports the benefits of treating high
blood pressure among CKD and ESRD patients, with intensive blood pressure reductions
providing greater protection against kidney failure events compared to standard regimens.?43
Consistent with recommendations from the American Society of Nephrology and the
National Kidney Foundation, JNC 7 and 8 both recommend antihypertensive therapy for
CKD patients that consists of an angiotensin-converting enzyme inhibitor (ACEI) or an
angiotensin Il receptor blocker (ARB) to slow CKD progression, reduce proteinuria and
CVD risk.’®2® K/DOQT’s guideline 7 additionally recommends prescribing diuretics in most
patients with CKD and additional medications based on an individual’s CVD history or
risk.6” Despite these recommendations, valuable opportunities to treat those with elevated

blood pressure, particularly among the CKD population are missed; treatment interventions
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targeted to untreated populations with elevated blood pressure have the potential to reduce
CKD and kidney failure events.
Control

Poor control of blood pressure is a major risk factor that accelerates CKD
progression, prompting recommendations for lower blood pressure treatment thresholds and
rigorous control efforts among those with CKD.*>2324 NHANES (2007-2012) data indicates
that 43.9% of the CKD population with high blood pressure is aware and treated but not
controlled to goal, while trial data suggests that elevated blood pressure remained
uncontrolled in 34% of participants in spite of an average of two medications being used per
participant.8>2° \Women, older adults, the obese, and those with albuminuria have higher
levels of uncontrolled blood pressure and present potential targets for improved blood
pressure control in the CKD population.?®* Adequate control on monotherapy is low, with
uncontrolled blood pressure generally observe to decrease with increasing number of
medications used to treat blood pressure.?! In addition to increasing the number of
medications used to treat elevated blood pressure, restriction of dietary sodium, use of
diuretics, and night-time dosing of medications have been evaluated as complementary

strategies for achieving blood pressure control among those with CKD.%!

3.6.3 Blood pressure as a continuously distributed trait

Complementary to treatment guidelines are public health policies that account for the
continuous distribution of blood pressure and the monotonic relationship of blood pressure
with the risk of adverse health events. Based on these well-documented features of blood
pressure,?2-2>* such policies promote blood pressure reductions in the general population, not

limited to thresholds that define “hypertension” or set goals for pharmacologic treatment
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categorization. Approximately one third of all-cause mortality can be attributed to elevated
SBP at levels designated as non-hypertensive,?*>?* indicating a need to address blood
pressure management among the larger population at risk.2>-?6! Although most adults in
industrialized societies eventually develop elevated blood pressure, reducing population
levels of blood pressure has the potential to reduce or delay elevations in blood pressure over
the life course, and reduce the risk of blood pressure-related CKD. In new hypertension
cases occurring in the United States 32%, 32% and 17% can be attributed to excess sodium
intake, being overweight, and lack of regular exercise respectively.?%? Building on numerous
observational studies, experimental studies have demonstrated the efficacy of lifestyle-based
blood pressure interventions, such as increased physical activity and the Dietary Approaches
to Stop Hypertension (DASH) diet, with beneficial effects for blood pressure reduction and
disease prevention.314263-265 Thijs hody of evidence supports recommendations from JNC 7
and KDIGO that call for lifestyle modifications for blood pressure reduction in those with
and without high blood pressure and the consideration of population-wide interventions to
reduce blood pressure alongside interventions targeted to populations with high blood

pressure for kidney disease reduction.?*%’

3.6.4 Lifestyle modifications for blood pressure and CKD reduction

Modifying lifestyle factors that contribute to the development and maintenance of
elevated blood pressure offers effective ways to impact a large number of individuals and
range of health outcomes. The 2012 KDIGO guidelines summarize the available evidence
and provide recommendations on treatment approaches and lifestyle modifications that
reduce blood pressure among those with CKD.?3® Most of the evidence in the literature

documenting the effect of lifestyle changes on blood pressure was conducted in the general
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population, although individuals with CKD often have many of the comorbid conditions,
such as CVD, diabetes, obesity and dyslipidemia present in the larger population.®® Early
trials examining the relationship between blood pressure reductions and chronic disease often
methodically excluded individuals with CKD or were not equipped to meticulously measure
renal outcomes, and, subsequently, few trials addressed renal endpoints.?'® With a lack of
abundant, large scale randomized control trials that quantify the effect of lifestyle
modification on CKD reductions, KDIGO guidelines recommendations are largely
generalized from many of the well-documented dietary modifications, weight management,
and physical activity interventions suggested universally or quantified for cardiovascular
outcomes."23¢ Lifestyle interventions considered here will be suitable for the general US
population and those with CKD since the ARIC cohort includes both.

Elevated blood pressure is generally higher among individuals with CKD and certain
modifications such as salt restriction could have greater blood pressure reducing effects in
those with CKD. A population-level intervention to reduce sodium intake is likely to change
blood pressure in individuals by modest magnitudes that trials may not be powered to detect.
Trials reflecting significantly reduce rates of incident CKD which takes decades to develop
are improbable given the size and length of follow-up for many trials.?%® Although
experimental evidence from large trials with adequate follow up for salt reduction among
CKD patients is limited, the processes involved in salt and water retention’s effect on blood
pressure levels in CKD when sodium balance is impaired could result in larger reduction on
blood pressure from salt restriction than are seen in the general population.?” A meta-analysis
of experimental studies examining sodium reductions of blood pressure found a dose

response relationship between decreased urinary sodium and blood pressure; although the
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magnitude of blood pressure decline varied among at risk groups such as older adults, a
median decline in urinary sodium of approximately 1800 mg/d or approximately % of a
teaspoon of salt dropped SBP/DBP by 2.0/1.0 mmHg in those without elevated blood
pressure and by 5.0/2.7 mmHg in those with elevated blood pressure.?®” Trials of
uncontrolled elevated blood pressure suggest reducing sodium intake by 4600 mg/d or
approximately 2.25 of a teaspoon of salt has the potential to lower SBP/DBP by 22.7/9.1
mmHg.®” Considering the current body of evidence, KDIGO guidelines recommend

lowering daily sodium intake to <2 g for reducing blood pressure among those with CKD.%’

Observational and experiments studies have documented the benefit of weight
reduction on blood pressure control in the general population with limited evidence among
those with CKD.?%6268.26% Trials examining the effect of diets rich in fruit and vegetables
have shown reductions in weight coupled with 6.0 and 4.8 mmHg reductions in SBP and
DBP, respectively, in the general population.®” A few trials conducted in CKD populations
that examined blood pressure reductions following both surgical (22.6 mmHg) and non-
surgical (9.0 mmHg) weight reduction strategies, demonstrate the efficacy of achieving or
maintaining a healthy weight on improving blood pressure among those with CKD. This
evidence provides a strong basis for recommending weight loss among those without ideal
weight levels; the mechanisms by which weight reductions are achieved must be carefully
selected as many popular and commonly endorsed weight loss diets are frequently high in
potassium and protein and could consequently increase risks of hyperkalemia and CKD
progression, particularly after stages 1 and 2.%72% Overall, current evidence advocates for
achieving or maintaining a healthy body weight for favorable reductions in blood pressure

and CKD progression.®’
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Independent of its effect on weight reduction, physical activity has also been shown
to provide beneficial effects on multitude of health conditions including CKD and ESRD.?™
Physical activity positively effects vascular structure and adaptations, endothelial function,
the sympathetic nervous system and RAS, all of which contribute to elevated blood pressure
and CKD.?"" A strong inverse association between physical activity and blood pressure from
randomized control trials has been summarized as indicating that three to five weekly
sessions of 30-60 minutes of aerobic exercise resulted in SBP reductions of 6.1 mmHg and
3.0 mmHg reductions in DBP.%’

Recommendations from the 2013 Report of Lifestyle Management to Reduce
Cardiovascular Risk

In 2008, the NHLBI partnered with the American College of Cardiology (ACC) and
the American Heart Association (AHA) to form expert panels charged with summarizing the
scientific literature on five topics, two of which addressed lifestyle modifications and blood
pressure.?’? The working group considered results from randomized control trials,
observational studies, meta-analyses, and systematic reviews on risk factors, and their
respective interventions to produce the 2013 Report of Lifestyle Management to Reduce
Cardiovascular Risk.2> Although the working group concentrated on studies of CVD risk
factors and outcomes, reductions in blood pressure are assumed to apply to CKD and kidney

failure in a similar manner.
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Table 5. Range of blood pressure reductions achievable through lifestyle interventions

Dietary Sodium Reduction

Reducing sodium intake  that Adults aged RCT 2/1 mmHg
achieved a mean 24-hour urinary 25-75 years

sodium excretion of ~2,400 mg/day,

relative to ~ 3,300 mg/day?"

Reducing sodium intake that achieved  Adults aged RCT 7/3 mmHg
a mean 24-hour urinary sodium 25-75 years

excretion of ~1,500 mg/day, relative to

~ 3,300 mg/day?"

Counseling to reduce sodium intake by  Adults aged RCT 3-4/1-2 mmHg
an average of 1,150 mg per day?"2 30-80 years

Physical Activity

Aerobic physical activity —average of ~ Age>18 years = Meta-analysis of 2-5/1-4 mmHg
12 weeks duration with 3 to 4 sessions RCTs

per week, lasting on average 40

minutes per session, involving

moderate-to-vigorous intensity

physical activity?’2

Adiposity Reduction

5% weight loss in overweight or obese Meta-analyses 3/2 mmHg
adults?™ and Look

AHEAD study
Dietary interventions for weight loss Hypertensive RCT 6/3 mmHg
over 6 to 36 months, average loss of adults
11-13 Ibs?™

Lifestyle interventions targeted to individuals with hypertension

In addition to guiding pharmacologic treatment, the 2014 blood pressure guidelines
endorse the recommendations of the 2013 Lifestyle Work Group on nonpharmacological
lifestyle interventions for reducing blood pressure among those at highest risk.2> Among
these recommendations (Sodium and Physical Activity, Table 5) healthcare providers are
charged with counseling and providing educational materials detailing strategies to lower
sodium intake to patients with hypertension.?® This recommendation was supported by

finding from The Trial of Non-pharmacologic Interventions in the Elderly (TONE) study that
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showed 4 and 2 mmHg reductions in systolic/diastolic blood pressure following a mean
reduction in sodium intake of 1,035 mg per day achieved through personalized registered
dietitian sessions, and weekly or biweekly small group meetings.?’> Beyond counseling by
health practitioners, physical activity rehabilitation centers, and clinical weights management
program are also often targeted at the individual level for those with hypertension for the

reduction of blood pressure and increased cardiovascular health.?’

Population lifestyle interventions

Unlike interventions targeting individuals with hypertension that can be adequately
tailored to an individual’s characteristics and needs, the population-based approach largely
places emphasis on promoting health activities or policies that impact the larger environment.
For example, a campaign targeting the gradual reduction of sodium content in processed
foods and consumer awareness of sodium intake in the United Kingdom achieved an average
estimated reduction in blood pressure of 2.7/1.1 mmHg in individuals with untreated blood
pressure from 2003-2011.2%> Population level reductions in adiposity and increases in
physical activity could also be achieved through guidelines that limit screen time and
marketing of unhealthy foods to children and adolescents,?”>?’® improved access to recreation
facilities and sports,?’"-?"® worksite or school based nutrition and physical activity
programming,tt’-280-282 national physical education curriculum,?® and walkable, bike-friendly
built environments, 284285
Eligibility and Safety Considerations

Given that all recommended lifestyle interventions (Table 5) may not apply
universally or to the entire population, for purposes of this work we assume that

simultaneous implementation of policies targeting a variety of lifestyle behaviors would
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meaningfully address blood pressure reduction in all eligible individuals of the groups
reached by such policies. For example, weight loss for blood pressure reduction is an
impractical and unsafe goal for individuals who are underweight or pregnant, who therefore
may be excluded from, or not engage in population level efforts to reduce adiposity, while
reduction of sodium in the food supply could still favorably influence blood pressure levels
in such individuals. The focus of this doctoral research is on the estimation of the potential
impact on blood pressure reduction in the population, irrespective of the specific structural
intervention or policy avenue used to influence the exposure.

Two vulnerable groups are commonly considered for safety concerns when
considering population-wide blood pressure reductions: those with low blood pressure and
the elderly. Risk to these groups can be diminished by proper formulation of population-
wide blood pressure reduction strategies. Reductions in sodium, for example, have been
shown to have heterogeneous effects on systolic and diastolic blood pressure based on
individual characteristics such as salt sensitivity or blood pressure level. Individuals with
lower blood pressure experience smaller reductions in blood pressure compared to those with
elevated blood pressure for an equivalent reduction in sodium intake.?®®2%” Recent findings
also suggest that a small minority of the world population consumes low daily intakes of
sodium, and that sodium intake at low levels is not related to blood pressure. 288289
Collectively, these observations suggest minimal harm in utilizing sodium reduction as
means to decrease blood pressure in the population.

Several large scale sodium or blood pressure reduction trials have included older
adults and found no, or limited increased risk of adverse events among elderly persons. The

TONE study demonstrated that lifestyle modification of sodium intake is effective in
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lowering the blood pressure in the elderly with occurrence of adverse events such as
dizziness or physical injury similar to the control group with usual lifesytle.?® Results from
the SPRINT trial also demonstrated that pharmacologic lowering of systolic blood pressure
to below 120 mmHg resulted in similar incidences and patterns of hypotension, injurious
falls, and bradycardia in participants 75 years of age or older compared to the overall
cohort.?%

Nonetheless, safety concerns must be considered when recommending population-
wide blood pressure reductions by means of lifestyle modifications including sodium
reductions. As discussed in section 3.6, 2014 blood pressure guidelines increased the
threshold for blood pressure treatment among older adults age 60 or greater motivated by
insufficient randomized control trial evidence supporting the benefit of lower thresholds in
older populations. Despite controversy surrounding these guidelines and recent evidence
supporting lower thresholds, clinicians in practice routinely consider attributes of individual
patients in recommending lower blood pressure levels.?®? For example, among frail older
adults or those with osteoporosis, postural or orthostatic hypotension can increase
vulnerability to fractures and other injurious falls particularly among those with poor blood
pressure control.?®? Gradual initiation and changes to blood pressure medications as well as
modifications to sodium and fluid intake may be necessary to avoid adverse events in this
population.?®® Although dietary sodium reduction is an effective method of treatment and
prevention of high blood pressure, gustatory and olfactory dysfunction in later life can result
in appetite declines necessitating the addition of flavor enhancements, such as sodium, to

support diet and weight loss management.?%*
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Evidence against population-wide sodium reduction programs

Our analysis is independent of the means used to reduce blood pressure by the
designated decrements outlined in our aims (Chapter 2). We note however that sodium
reduction is the most widely discussed population wide public health approach to blood
pressure reduction.?66:267:2%5-297 - As discussed in section 3.5.2, excess dietary intake of salt is
a prominent contributor to the pathogenesis of elevation in blood pressure.?5” Animal,
longitudinal, clinical and meta-analytic studies collectively provide strong evidence of a
relationship between high sodium intake and elevated blood pressure and indicate that on
average, blood pressure increases as salt intake increase.?®® Multiple well designed meta-
analyses have provided solid evidence of a reduction in CVD events following dietary
sodium restriction and have supported the long-term impact of sodium reduction on
improved blood pressure measurements.

Nonetheless, some studies suggest a U or a J shaped relationship between sodium
intake and outcomes signifying a higher risk of disease at lower sodium levels.?®62% The
Prospective Urban Rural Epidemiology (PURE) study is the largest (n=156,424) and likely
most publicized of these studies. The PURE study estimated sodium intake by urinary
excretion and found that sodium intakes (<3,000 mg per day) notably higher than the
recommended maximum intake of sodium per day (<2300) were associated with increased
risk of CVD and mortality.?®® While provocative, PURE study finding as well as
corresponding contradictory studies of sodium reduction and disease risk are often biased by
methodological weaknesses. Many of these observational studies were conducted in
populations with conditions such as CVD that are recognized to influence dietary

modifications following disease occurrence.?®® Estimating the relationship between low
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sodium intake and outcomes in this population is thus likely to reflect an increased risk of
adverse outcomes due to extant illnesses and low sodium intake in response to disease, rather
than usual low sodium intake and subsequent disease.?®® This potential for reverse causation
is likely reflected in the PURE study findings as those who were older, diabetic, or had prior
CVD were more likely to have lower sodium intake than the other study participants.%®
Obtaining high quality 24-hour urine samples for urinary sodium excretion is often expensive
and cumbersome for participants, leading many studies to rely on spot urine samples. Spot
urine samples are unreliable for estimation of usual salt intake due to variation in dietary
sodium intake over multiple days, and variability of spot measurements within the same
subject and dietary intake level.?°® Measurements of factors such as physical activity and diet
quality that impact health outcomes are often limited or missing in studies that relate sodium
intake to health outcomes, allowing for residual confounding.?®® Despite these scientific
limitations studies suggesting harm at low levels of sodium have garnered much public
attention. The physiological basis for a minimal sodium intake suggests that less than <1000
mg of sodium (or a half of a teaspoon of salt) is needed to support normal biologic
requirements.?%® Global estimates suggest that in 2010 alone, 1.65 million deaths from
cardiovascular causes were attributable to sodium intakes in excess of 2000 mg per day.®
The breadth and quality of evidence suggesting benefits for most adults from reduced
sodium intake on blood pressure and CVD has been sufficiently compelling for international
and national health organizations to recommend population-wide sodium reductions.?¢”:2%
Following an exhaustive and comprehensive review of the clinical interventions and

observational studies of sodium consumption the World Health Organization (2012)

recommended reductions in sodium consumption irrespective of the current level of intake
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for the reduction of blood pressure and CVD.3% The 2015-2020 Dietary Guidelines for
Americans recommend < 2,300 mg of sodium per day, 1,940 and 680 mg less than the

current average sodium intake for American men and women respectively.3%
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3.6.5 Relationship between blood pressure and incident CKD from risk prediction
equations

Many individuals with CKD are not identified until complications lead to signs or
symptoms that are often life-threatening if they present in late stages of CKD or kidney
failure.?” Risk prediction models have been developed to aid in the early identification of
individuals at increased risk for developing CKD, based on risk factors identified in
epidemiologic studies. Among the latter, those commonly used in clinical practice have been
favored.3%? In addition to providing information on high-risk individuals who would
potentially benefit the most from intervention on risk factors, risk prediction equations
provide estimates of the magnitude of the relationship between specific risk factors and
incident CKD in diverse population settings. Estimates of the odds of developing CKD given
the presence of hypertension and other covariates included in the model (Table 6) can be
obtained from such models. For elevated blood pressure identified as hypertension, -
coefficient estimates ranged from 0.45 to 0.85, corresponding to odds ratios of 1.6 to 2.3,
contingent on the study population and the covariates considered. Since our aims examine the
effect of blood pressure decreases on CKD in a single population-based cohort, reference to
the association between hypertension and incident CKD over diverse populations will
provide an external benchmark for this association estimated in our study population (Table

6).
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Table 6. Summary of risk models for predicting incident chronic kidney disease

]

8

O’Seaghdha,®® | Framingham 1171 men <60 MDRD OR CKD-EPI OR
2011 1319 women mL/min/1.7 | Age, per year 1.09(1.07-1.12) Age, per year 1.10 (1.08-1.13)
Logistic 3m2 Diabetes 1.73 (1.08-2.77) Diabetes 1.61 (1.02-2.56)
229 (9%) with Hypertension 2.10(1.51-2.94) Hypertension 2.14(1.56-2.92)
External CKD Baseline eGFR Baseline eGFR
Validation in 60-74 3.73 (2.36-5.90) 60-74 4.75 (3.10-7.28)
ARIC 75-89 1.66 (1.05-2.62) 75-89 1.66 (1.45-3.29)
Albuminuria 1.62 (1.04-2.53) Albuminuria 1.35 (0.86-2.11)
Bang,%%* 2007 | NHANES 8530 <60 Age B-coefficient (SE) Age OR 95% ClI
mL/min/1.7 | 50-59 1.55(0.27) 50-59 4.7 (2.8-8.1)
Logistic 3m2 60-69 2.31(0.30) 60-69 10.0 (5.6-18.1)
Final dataset >=70 3.23(0.27) >=70 25.2 (14.8-43.0)
5666 Female 0.29 (0.13) Female 1.3 (1.04-1.7)
Anemia 0.93 (0.32) Anemia 2.5(1.4-4.7)
Hypertension 0.45 (0.21) Hypertension 1.6 (1.05-2.4)
Diabetes 0 .44 (0.20) Diabetes 1.6 (1.05-2.3)
CVD history 0.59 (0.18) CVD history 1.8 (1.3-2.6)
CHF history 0.45 (0.22) CHF history 1.6 (1.02-2.4)
PVD 0.74 (0.28) PVD 2.1 (1.2-3.6)
Proteinuria 0.83 (0.15) Proteinuria 2.3(1.7-3.1)
Bang,%4 2007 | External 12,038 <60 Age B-coefficient Age OR95% ClI
validation in mL/min/1.7 | 50-59 0.30 50-59 1.3 (0.99-1.83)
ARIC Age 45-64 3m2 60-69 0.86 60-69 2.4 (1.7-3.2)
>=70 NA >=70 NA
Logistic Female 0.26 Female 1.3(1.03-1.6)
Anemia 1.62 Anemia 5.1(3.5-7.4)
Hypertension 0.85 Hypertension 2.3(1.9-3.0)
Diabetes 0.52 Diabetes 1.7 (1.3-2.1)
CVD history 0.52 CVD history 1.7 (1.3-2.2)
CHF history 0.58 CHF history 1.8 (0.9-3.6)
PVD 0.65 PVD 1.9 (1.4-2.7)
Kshirsagar,®® | CHS/ARIC 1,605/9,470 <60 Age B-coefficient Age OR95% ClI
2008 development mL/min/1.7 | 50-59 0.63 (0.12) 50-59 1.9(1.5-24)
Logistic data set 3m2 60-69 1.33(0.12) 60-69 3.8(3.0-4.8)
>70 1.46 (0.14) >=70 4.3 (3.3-5.6)
Age 45-64 Female 0.12 (0.07) Female 1.1 (1.0-1.3)
Anemia 0.48 (0.20) Anemia 1.6 (1.1-2.4)
Hypertension 0.55 (0.07) Hypertension 1.7 (1.5-2.0)
Diabetes 0.33 (0.10) Diabetes 14 (1.2-1.7)
CVD history 0.26 (0.10) CVD history 1.3 (1.1-1.6)
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CHF history 0.50 (0.25) CHF history 1.6 (1.0-2.7)
PVD 0.41 (0.13) PVD 15 (1.2-1.9)
Thakkinstian®® | Thailand 18 or older CKD was Age B-coefficient Age OR 95% ClI
, 2011 defined as | 40-59 0.6 (0.13) 40-59 1.8 (1.3-2.5)
Cross-sectional | 3,459 subjects | stages I-4 60-69 1.4 (0.17) 60-69 4.1(2.6-6.3)
survey from CKD >70 2.1(0.22) >70 8.3(4.7-14.4)
prevalence Hypertension 0.8 (0.13) Hypertension 2.3(1.6-3.2)
Logistic study Diabetes 0.9 (0.19) Diabetes 25(15-41)
regresison Kidney stone 1.0 (0.15) Kidney stone 2.8(1.9-4.1)
Community
based
Kwon,®7 2012 | K-NHANES 6565 <60 Age B-coefficient Age OR 95% ClI
participant mL/min/1.7 | 50-59 1.16 (0.15) 50-59 3.19 (1.98-5.13)
Logistic 3m2 60-69 1.91 (0.21) 60-69 6.75 (4.12-11.06)
age >19 >70 2.71 (0.25) >70 15.02 (9.18-24.58)
Korean MDRD Female 0.40 (0.31) Female 1.49 (1.14-1.95)
Genomic equation Anemia 0.94 (0.18) Anemia 2.57 (1.80-3.66)
Epidemiologic Hypertension 0.48 (0.14) Hypertension 1.62 (1.10-2.40)
study (KoGES) Diabetes 0.73 (0.14) Diabetes 2.08 (1.57-2.75)
external CVD history 0.60 (0.20) CVD history 1.83 (1.23-2.71)
validation Proteinuria 0.48 (0.20) Proteinuria 1.62 (1.10-2.40)
Halbesma,3%® PREVEND 40,856 Top 20% in B-coefficient OR 95% ClI
2011 study, renal Baseline eGFR 0.37 Baseline eGFR 1.45 (1.22-1.74)
function Baseline eGFR? -0.003 Baseline eGFR? 0.997 (0.996-0.998)
median follow- decline and | Age (years) 0.02 Age (years) 1.02 (1.01-1.04)
up of 6.4 years had an Urinary albumin 0.23 Urinary albumin 1.27 (1.11-1.48)
eGFR Excretion Excretion
Logistic value <60 CRP 0.19 CRP 1.21 (1.07-1.38)
ml/min per | SBP 0.009 SBP 1.01 (1.01-1.02)
1.73 m? Hypertension 0.44 Hypertension 1.56 (1.12-2.20)
Alssema,30° Data merged Rotterdam eGFR Males B Coefficient OR 95% Cl Females B OR 95% ClI
2012 from 3 Study 4,018 value <60 Age Age  Coefficient
different ml/min per | <45 ref Ref <45 ref Ref
studies in the Hoorn 627 1.73 m? 45-49  0.91 2.5(1.2-5.0) 45-49 0.69 2.0(1.0-4.1)
Netherlands 50-54 1.20 3.3(1.7-6.4) 50-54 1.08 2.9(1.6-5.5)
Rotterdam PREVEND Equation 55-59 157 4.8 (2.7-8.7) 55-59 1.54 4.7 (2.6-8.2)
Study, Hoorn, 2,135 developed 60-64 2.34 10.4 (5.8-18.6) 60-64 1.98 7.2 (4.1-12.7)
and as one 65-69 2.66 14.3 (7.9-25.7) 65-69 2.55 12.8 (7.3-22.5)
PREVEND assessment | 70-74 3.26  25.9 (14.2-47.5) 70-74 3.34 28.1 (15.8-50.1)
tool for 75-85 429 72.8(37.6-140.9) 75-85 4.06 58.2 (31.9-106.1)
Logistic CVD, BMI BMI
diabetes, <25 ref <25 ref
and CKD 25-29 0.32 14 (1.1-1.7) 25-29 0.27 1.3 (1.1-1.6)
30+ 0.87 2.4 (1.6-3.6) 30+ 0.52 1.7 (1.3-2.2)




Waist (cm) Waist (cm)

<94 ref <80 ref

94-102 0.20 1.2 (1.0-1.5) 80-87.9 0.12 1.2 (0.9-1.4)

102+ 0.19 1.2 (0.9-1.6) 88+ 0.40 1.5(1.2-1.9)
Antihyp  0.74 2.1(1.6-2.7) Antihyp  0.75 2.1(1.8-2.6)
Smoke  0.63 1.9 (1.5-2.3) Smoke 0.61 1.8 (1.5-2.2)
Fam Hist Fam Hist

CVD 0.09 1.1 (0.9-1.4) CVvD 0.26 1.3(1.1-1.5)
Fam Hist Fam Hist

Diab 0.30 1.3(1.1-1.7) Diab 0.21 1.2 (1.0-1.5)
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3.7 Public Health Significance

CKD and kidney failure affect nearly 15% of the American population with treatment
for these diseases disproportionately consuming nearly 25% of the Medicare budget.?® CKD
is often asymptomatic in early stages, however as the disease progresses to kidney failure,
prevalence and intensity of complications increase, as well as the diseases’ contribution to
premature death and disability.8> Healthy people 2020 goals aimed for a 10% reduction in
the proportion of the US population with CKD and a 10% reduction in incident ESRD cases,
goals that focus research on prevention of CKD and kidney failure.3!! While environmental
factors and lifestyle behaviors have a substantial influence on the development and
progression of CKD and its risk factors,%1°1:155176.312 emphasis is often placed on the clinical
management of these conditions.?88 Preventable lifestyle modifications that are expected to
have a positive impact on the disease incidence and progression across race/ethnic groups if
implemented population-wide or reinforced among high risk group are often undervalued or
overlooked.272273313314 A petter understanding of the potential benefits associated with
modification of risk factors for CKD and kidney failure at the population level as well as
among high-risk groups is needed to reduce the burden of disease and disability attributable
to CKD and kidney failure.

Elevated blood pressure is considered a major preventable risk factor for CKD and
kidney failure with well-defined methods for its management, presenting an opportunity to
intervene on the development and progression of CKD. Approximately 37% and 19% of
kidney failure cases in African Americans and white Americans respectively are attributed to
high blood pressure;® even blood pressure levels considered “high-normal” (defined as

systolic blood pressure between 130 and 139 mmHg or diastolic 85 to 89 mmHg) are
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associated with a 3-fold greater risk of development of kidney failure.2%* While lifestyle
modifications and pharmacological therapies are established as effective methods to manage
high blood pressure!?? and can prevent or slow the progression of CKD and kidney failure,
the predicted population impact of various blood pressure reduction modalities on CKD and
kidney failure have not, to our knowledge, been quantified.

Interventions aimed at individuals with clinically defined elevated blood pressure
allow for intensive interventions capable of achieving large reductions in blood pressure
among those at highest risk, consequently reducing CKD and kidney failure incidence and
disability in the non-negligible segment of the population affected by elevate blood pressure.
Small reductions in blood pressure across the population would result in modest reductions in
individual blood pressure levels, but when applied to the population as a whole, the impact
on the overall burden of CKD and kidney failure is potentially pronounced. Given the graded
relationship between blood pressure and disease risk, and given the large proportion of CKD
and kidney failure events in the population that occur among those not identified, treated or
controlled as hypertensives, a population-based strategy is posited to achieve the largest
benefit in reducing the overall burden of blood-pressure related outcomes.?5%260 While
elevated blood pressure is generally managed clinically population-wide strategies are seen
as complementary to the practitioner-based high-risk approaches, and are consistent with the
lifestyle interventions recommended by clinical practitioners to their patients with high blood
pressure, per the established clinical practice guidelines. Comparisons of the impact of
population and individual level blood pressure reduction strategies are needed to enrich the
discussion of efficient avenues to reduce incidence and progression of CKD and kidney

failure.
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Clinical significance

Evidence from the SPRINT trial demonstrated the value of controlling blood pressure
to or below the level recommend by treatment guidelines suggesting that proper management
of patient with elevated blood pressure could improve the suboptimal levels of blood
pressure control currently documented in the US population. As CKD progresses so does
the inability to control blood pressure adequately, accentuating the importance of blood
control prior to the development of CKD. In the general population only approximately half
of the population with elevated blood pressure is controlled to the recommended goals,
leaving much room for improvement in the management strategy used to counsel, prescribe,
dose and monitor the regimen used to achieve blood pressure targets. Providing estimates of
CKD and kidney failure events potentially preventable through improved clinical
management of patients with elevated blood pressure could motivate a review of current
management practices and improvements upon these practices could be used to aid primary
prevention of CKD and kidney failure.

Contrasting population-wide interventions with high-risk approaches is inherently
dependent on the thresholds used to define the high-risk populations, and thus the size of the
population targeted for intensive reductions. Evaluation of blood pressure thresholds for
defining and treating the high-risk group is particularly timely given the growing concern
over the evidence used in the 2014 guidelines to support higher blood pressure thresholds for
individuals > 60 years of age (discussed in section 3.6). Here, we plan to assess potential
events prevented by hypothetical interventions on those with blood pressure above treatment
goals who are unaware, untreated, or uncontrolled according to both JINC 7 and the 2014

guidelines.3!® Estimating the predicted reductions in CKD and kidney failure achieved under
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each set of guidelines will identify the potential benefit of treating those age greater than 60
more intensively to the previous threshold of 140/90 mmHg (JNC 7) compared to the

currently recommended 150/90 mmHg (JNC 8).
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CHAPTER 4: RESEARCH PLAN

The proposed research will use data from the Atherosclerosis Risk in Communities
(ARIC) Study, a longitudinal multi-center prospective cohort study designed to investigate
the etiology and progression of CVD in 4 US communities. In additional to CVD, ARIC
ancillary studies have been funded to examine a wide range of other pertinent health
conditions including CKD and ESRD. Our analysis will use demographic, risk factor,
medical and vital record, and validated outcome data from the main ARIC study and an

ancillary study to investigate the effect of blood pressure reduction on kidney disease.

Leveraging approximately 25 years of follow up, this dissertation proposal aims to: 1)
estimate the effect on the population burden CKD of interventions that reduce blood pressure
by contrasting life-style based population-wide interventions with interventions that
implement current clinical guidelines for blood pressure treatment and 2) Characterize the
potential benefits from interventions that reduce blood pressure on disability attributed to
CKD, quantified as DALY, by contrasting life-style based population-wide interventions
with interventions that implement current clinical guidelines for blood pressure treatment.
Specific aims one and two will be addressed using a weighted least regression approach that
allows for estimation of the number of events that can prevented by a blood pressure

reducing intervention.3%®
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4.1 Study population

The Atherosclerosis Risk in Communities (ARIC) study, which began in 1986, is a
prospective population based study examining the etiology and natural course of
cardiovascular disease, variations in patterns of medical care, risk factors, and disease
progression over time. From 1987 to 1989, the ARIC cohort recruited 15,792 predominately
white American and African American participants between the ages of 45 and 64, from four
geographic regions in the United States, Washington County, Maryland; Forsyth County,
North Carolina; Minneapolis, Minnesota; and Jackson, Mississippi.” Eligible households in
Forsyth County were identified by area sampling. In Jackson, Minneapolis, and Washington
County, age-eligible participants were identified from driver’s licenses, voter registration
cards, identification cards, and jury duty listings. Home interviews covering cardiovascular
risk factors, socioeconomic factors, and family medical history were then administered to
each potential cohort member, followed by an invitation for an extensive clinical
examination. Following the baseline examination (1987-1989), the three follow-up
examinations were conducted at three-year intervals through 1998 with a fifth examination
(2011-2013) being funded in 2009. Participants were follow up annually through telephone

calls used to assess health status and deaths in the cohort.

4.2 Exposure measurements

Essential to this analysis, the baseline and follow up examinations included sitting
blood pressure measurements, anthropometry, a physical examination and an interview. Each
of the four ARIC field centers were required to have a minimum of three staff members who

attended a standardized training session and received certification for measuring blood

90



pressure.3® Blood pressure measurement procedures were followed to ensure precise
measurements were recorded. After five minutes in a resting position with no posture
changes, blood pressure was measured three times using a random zero sphygmomanometer.
To reduce within person variation, an average of the second and third readings was recorded
for participants’ blood pressure. Quality control measures required the retraining and
recertification of personnel, proper maintenance of equipment, observation of measurements
by a superior, and frequent staff meeting to provide feedback on measurements.'6
4.3 Outcome Assessment
4.3.1 Incident CKD

CKD stage >3 will be defined by an eGFR lower than 60 mL/min/1.73m?, using
samples collected at ARIC visits 1, 2, 4 and 5, or death or hospitalization with CKD
identified by ICD-9 discharge code 585.X in any position. Creatinine was measured at ARIC
study visits from serum and plasma samples, as well as random urine samples, using the
modified kinetic Jaffé method in serum specimens from ARIC study visits 1 and 2, plasma
and urine specimens from ARIC study visit 4,3” and both serum and urine levels of
creatinine in visit 5 using the Roche enzymatic method.®!® Creatinine measurements were
calibrated to the National Institute of Standards and Technology standard to account for
variability amongst laboratories, assays, and methods (Table 7).31°320 Calibration was
unnecessary for visit 5 measurements. Calibrated creatinine measurements were used to

estimated GFR using the CKD-EPI equation as follows:*’

141 x min(Ser/x, 1)* x max(Scr/x or 1)12% x 0.9934% x (1.018 if female) x (1.159 if
black), where k is 0.7 if female and 0.9 if male; a is -0.329 if female and -0.411 if male;
min= the minimum of Scr/k or 1; max= the minimum of Scr/k or 1; Scr-serum creatinine

(mg/dL)
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Table 7. Values used to calibrate creatinine measurements collected at ARIC visits 1, 2,
4, and 5

1 chma09 scre_vl = chma09 - 0.37
2 chmb08 scre_v2 = chmb08 — 0.37
4 lipd6a scre_v4 = lipd6a + 0.11
5 chm21 scre_vb = chm21

Table 8. ICD-9 and ICD-10 codes used to identify incident CKD stage 3 or higher

582 Chronic glomerulonephritis NO3
583 Nephritis and nephropathy
585, 585.x | Chronic kidney disease N18, N18.x
where x>3 where x>3
586 Renal failure N19
587 Renal sclerosis N26
588 Disorders resulting from impaired renal function N25
403 Hypertensive chronic kidney disease 112
404 Hypertensive heart and kidney disease 113
593.9 Unspecified disorder of the kidney and ureter
250.4 Diabetes with renal complications E10.2, E11.2,
E13.2
V42.0 Kidney replaced by transplant Z794.0
55.6 Transplant of kidney
996.81 Complications of transplanted kidney
V45.1 Renal dialysis status 799.2
V56 Admission for dialysis treatment or session Z49
39.95 Hemodialysis
54.98 Peritoneal dialysis
Encounter for adjustment and management of vascular access Z45.2
device

*Codes in red are counted as incident CKD only if a concomitant AKI code (ICD-9: 584.x, ICD-10:
N17) is not present. Adapted from Derived Kidney Variables & Incident Kidney Events ARIC
documentation
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Due to the limitations of defining CKD based on measurement of eGFR and the
potential that individuals with CKD may be less likely to attend subsequent ARIC visits, we
will also use CKD events identified through surveillance. In addition to creatinine
measurements at visits 1, 2, 4, and 5, incident CKD events will be identified through
hospitalizations or deaths with ICD-9-CM/ICD-10 codes noted in table 8 in any position
(Table 7). Hospitalizations were identified for investigation through annual telephone call
and hospitalization surveillance. Deaths were also identified through annual follow-up and
investigated through hospital records, death certificate searches, and coroner reports. While

follow-up is ongoing, this analysis will include deaths reported through 2011.

4.3.2 Incident Kidney failure

Incident kidney failure will be identified using eGFR <15 mL/minute/1.73m? during
follow-up visit, calculated using the CKD-EPI equation and calibrations described in table 5,
as well as death or hospitalization with kidney failure identified by discharge code and
collected similar to methods described for CKD above (Table 8). Additionally, linkage to the
USRDS national registry indicating ESRD treatment provides an avenue for identifying
ARIC participants with ESRD based physician determined kidney failure from medical chart

review and will be used to maximize the identification of case (Table 9). 32
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Table 9. ICD-9 and ICD-10 codes used to identiﬁ kidnei failure

V42.0 Kidney replaced by transplant Z94.0
55.6 Transplant of kidney
996.81 Complications of transplanted kidney
V45,1 Renal dialysis status Z99.2
V56 Admission for dialysis treatment or session Z49
39.95 Hemodialysis
54.98 Peritoneal dialysis
Encounter for adjustment and management of vascular access Z45.2
device
585.5 Chronic kidney disease stage 5 N18.5
585.6 End stage renal disease N18.6
586 Renal failure N19
403.01 Hypertensive chronic kidney disease, malignant, with CKD 5 or
ESRD
403.91 Hypertensive chronic kidney disease, with CKD 5 or ESRD 112.0

*Codes in red will not be counted as incident kidney failure if: 1) for hospitalizations, a concurrent
AKI code is present; 2) for deaths, if a concurrent AKI code is present without a concurrent CKD
code. Adapted from Derived Kidney Variables & Incident Kidney Events ARIC documentation
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4.4 Statistical analysis
We proposed the use of an additive parametric model to contrast the predicted impact

of clinical and population interventions applied to different targets of elevated blood pressure
eligible for interventions at baseline.?? The effect of the decrease in blood pressure
associated with these interventions will be used to estimate reductions in incident CKD and
kidney failure by gender, and race?!:?? in by 10-year age categories in a population-based, bi-
racial sample of middle-aged men and women (n= 15,792) from the Atherosclerosis Risk in

Communities (ARIC) study.

4.4.1 Impact of reducing blood pressure on incidence of CKD and kidney failure

-- Specific Aim #1: Characterize the potential effect on incident CKD of interventions that
reduce blood pressure by contrasting life-style based population-wide interventions with
interventions that implement current and past clinical guidelines for blood pressure lowering
among individuals with hypertension.

Sub Aim 1.1: Estimate reductions in incident CKD associated with decreases in blood

pressure of a magnitude achievable by lifestyle modifications by gender, race and 10-

year age categories.?>?2

To estimate the number of incident CKD, and kidney failure events per 100,000 person-
years (PY) potentially prevented after a population-wide 1 mmHg or 2 mmHg SBP
reduction, achievable through population-wide sodium reduction strategies, we will use a
least squares linear regression approach.3?? The least squares regression model will estimate
racial/ethnic specific incidence rate differences (IRD) adjusted for age, gender, and diabetes
mellitus given their association or role in the pathophysiology of kidney disease. Adjustment

will also be made for the use of anti-hypertensive medications. These models provide
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estimates of the IRDs for CKD and kidney failure associated with a 1 mmHg decrement in
SBP at study baseline potentially achievable after lifestyle interventions were fully
implemented;264:265323-325 estimates for a 2 mmHg reduction will be obtained by multiplying
the SBP regression coefficient by two. Estimates of 1 to 2 mmHg are consistent with modest
reductions achievable through reducing sodium content in the food supply.3?® As sensitivity
analyses, we will also estimate the impact of blood pressure reductions ranging from 3-7
mmHg in the total population achievable through the implementation of other population-
based lifestyle interventions on physical activity and adiposity.

Sub Aim 1.2: Estimate reductions in incident CKD associated with increases in

awareness of blood pressure above goal, initiation of antihypertensive therapy, and

decreases in uncontrolled blood pressure above goal in the population with hypertension,
according to recommended treatment thresholds from the 2014 guidelines for the
management of elevated blood pressure?® and JNC 7, on incident CKD by gender, race,
and 10-year age categories.

To evaluate interventions targeted to populations with blood pressure above goal after
full implementation, we will first estimate race-, gender-, and age- (in 10 year increments)
specific IRDs using the least squares regression approach?? for the association between
blood pressure above goal and incident CKD/kidney failure. Events reduced after a 10%
reduction in unaware, untreated, or uncontrolled blood pressure above goal at study baseline

will then be estimated in the ARIC study using the following equation: IRD;j *

(proportion; — proportion,,), where i, j, and k index race, gender, and 10 year age
categories, proportion is the race-specific proportion of blood pressure above goal estimated

in NHANES, 3" pre- (I subscript) and post (m subscript)- intervention that shifted 10% of the
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proportion of the population with unaware, untreated or uncontrolled blood pressure above
goal to unexposed (i.e. below goal blood pressure). Results will be presented per 100,000 PY
and represent a special case of the population attributable risk that considers partial, rather
than complete, elimination of the risk factor. Here, we will consider partial elimination of
blood pressure above goal, achieved after fully implementing interventions that decreased the
proportion of the population with unaware, untreated, or uncontrolled blood pressure by
10%.%?® Age- and gender-specific results will then be collapsed by race using a case-load
weighted summation method?°23 and 95% confidence intervals will be obtained using
bootstrapping.33!

As a sensitivity analysis, we will also estimate the impact of a 10% reduction in the total
population with blood pressure above goal. Hypothetical interventions that achieved a 5%
and 20% reduction in the proportion of individuals with blood pressure above goal as well as
the proportions of individuals with unaware, untreated, and uncontrolled blood pressure
above goal will also be examined. Contemporary race-specific population projections for the
number of events prevented by the population-wide and the targeted interventions will be
calculated by multiplying the race specific IRD estimates by the race-specific total
population aged 45 to 64 years obtained from the 2010 U.S. census. All statistical analyses
will be performed with SAS 9.3 software (SAS Institute, Cary, NC) and Statal2 (StataCorp,

College Station, TX).

4.4.2 Impact of reducing blood pressure on disability attributed to CKD/kidney failure

--Specific Aim #2: Characterize the potential benefits from interventions that reduce blood

pressure on disability attributed to CKD by contrasting life-style based population-wide
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interventions with interventions that implement current clinical guidelines for blood pressure

lowering among individuals with hypertension

As direct measures of disability and functional limitations associated with CKD and
kidney failure are unavailable in the ARIC cohort, disability adjusted life years (DALYS) will
be used to describe the preventive burden of incident CKD and kidney associated disability.
From 1990 to present day the Who Health Organization’s Global Burden of Disease (GBD)
project has developed and improved upon this metric used to assess and compare the
population burden of hundreds of diseases ranging from acute illnesses to chronic lifelong
diseases in a consistent reliable manner across diverse populations.?*332 Considering
diseases and risk factors on a common scale of severity, premature mortality, and loss of
health enables prioritization of conditions for health care and research resource allocation.
Moving beyond simple prevalence estimates, periodic updates of DALY over the last three
decades have provided a measure of how the harms imposed by a particular disease are
changing over time.®* DALYs combine data the burden of disability attributed to a disease
measured by Years Lived with Disability (YLD) and data on premature mortality, measured
by years of life lost (YLL) into a single measure that estimates the how much the experience

of living with a disease deviates from ideal health.

Sub Aim 2.1: Estimate the change in burden of disability for incident CKD?*25 —
measured as YLD - attributable to population-wide blood pressure reductions of a
magnitude consistent with lifestyle interventions, by gender, race, and 10-year age

categories.

Sub Aim 2.2: Estimate the change in burden of disability for incident CKD?*25 —
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measured as YLD - attributable to increases in awareness of blood pressure above goal,

initiating antihypertensive therapy, or decreases in uncontrolled blood pressure above

goal in the population with hypertension, according to recommended treatment

thresholds from the 2014 guidelines for the management of elevated blood pressure?®

and JNC 7, by gender, race, and 10-year age categories.

Estimations of YLD due to living with CKD/kidney failure and its manifestations, will
calculated as YLD =1 X DW X L,

where | represents the number of incident cases
DW indicates disability weights for CKD by stage and kidney failure, and
L specifies the average duration of cases of CKD or kidney failure until
remission or death.?*

Average duration of disability will be estimated by the mean survival time following the
identification of incident CKD unitl remission or death by CKD stage. For the calculation
YLDs attributable to blood pressure reductions, YLDs will be calculated using the total
number of incident CKD and kidney failure in the population before intervention and
calculated for the number of incident CKD and kidney failure events that would occur in the
ARIC population following a blood pressure intervention that reduced events by the IRDs or
partial population attributable risks calculated in Sub Aims 1.1 and 1.2.

Disability weights

Calculation of YLD for CKD and ESRD is dependent on the disability weight
assigned to designate the severity of disability experienced as a result of living with CKD
and kidney failure. Disability weights for a given medical condition conventionally range
from 0 to 1, with 0 implying ideal or optimal health and 1 implying a state equivalent to

death. Given concerns for the impact of social and cultural environment on one’s impression
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of disability, the 2010 GBD study estimated disability weights for 220 medical conditions
using a multi-country (Bangladesh, Indonesia, Peru, Tanzania, and the USA) household
survey and an open-access web-based survey, provided in a variety of languages, and among
diverse cultures, and socioeconomic status levels in the general public.?* Respondents were
provided with a lay representation of manifestations and functional limitations associated
with each condition evaluated and used these descriptions to compare health status of among
hypothetical pairs of individuals experiencing various disease conditions.?* A subset of
respondents for the web based survey were asked to weigh and contrast the health benefits of
diverse lifesaving or disease prevention interventions and these comparisons were used to
restrict disability weights to a 0 to 1 scale. Three disability weights were estimated to
describe the impact of CKD on disability, 0.105 (95% CI: 0.069-0.154) for stage 4 CKD,
0.027 (95% CI: 0.015-0.043) for ESRD with kidney transplant, and 0.573 (0.397-0.749) for
ESRD on dialysis.?* Disability weights appropriate for individuals with earlier stages of
CKD or kidney failure, who did not receive treatment through dialysis or transplantation,
were not assessed.

The GBD 2013 study added to the existing database created for the 2010 study by
expanding the survey and protocol to four new European countries: Hungary, Italy, the
Netherlands and Sweden.?® Eligible participants in these countries were selected through
existing internet panels with sample selection based on representativeness of the populations’
age, gender, and education distributions.?® In additional to clarifying lay descriptions for
several conditions included in the 2010 study, the 2013 study included disability weights for

20 outcomes that were omitted in the earlier burden of disease calculations.?*?® Disability

weights for stage 4 CKD [0.104 (95% CI: 0.070-0.147)], ESRD with kidney transplant
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[0.024 (95% CI: 0.014-0.039)], and ESRD on dialysis [0.571 (0.398-0.725)] were slightly
reduced but highly comparable to 2010 estimates..?#% Replications of the GBD protocol and
smaller country specific studies have resulted in a variety of disability weights assigned to
CKD and ESRD. For example, a study in Iran that calculated disability weights by CKD
cause, and treatment modality found increased impact on disability among those with kidney
transplantation and a lower disability weight among those on peritoneal dialysis or
hemodialysis compare with GBD estimates.33*

In 2016, the GBD published updated disability weights that expanded the scope of
coverage for CKD to include disability associated with stage 3 CKD and stage 4 CKD
according the anemia status (Tables 10 and 11).3% Disability weights for end-stage renal
disease and stage 4 CKD without anemia remained consistent with estimates provided above
by the GBD 2013 study. Disability weights for stage 3 CKD ranged from 0 for CKD stage 3
with no anemia to 0.149 for stage 3 CKD with severe anemia. Stage 4 CKD weights
followed a similar patterns with the disability weight for stage 4 CKD with severe anemia
representing a significantly higher burden of disability compared to stage 4 CKD with no

anemia (disability weights=0.104 to 0.237 respectively; Table 11).3%

Table 10. Definitions for Anemia status

Mild Moderate Severe
Males 12.0-12.9 9.0-11.9 6.0-8.9
Females 11.0-11.9 8.0-10.9 5.0-7.9

*Adapted from the WHO guidelines definition for anemia3333%
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Table 11. GBD 2015 disability weights for stage 3 to stage 5 CKD by anemia severity

CKD Stage 11 without
Anemia

Asymptomatic

CKD Stage Il with mild
anemia

Feels slightly tired and weak at
times, but this does not interfere
with normal daily activities

0.004 (0.001-0.008)

CKD stage Il with
moderate anemia

Feels moderate fatigue, weakness,
and shortness of breath after
exercise, making daily activities
more difficult

0.052 (0.034-0.076)

CKD stage Il with severe
anemia

Feels very weak, tired, and short of
breath and has problems with
activities that require physical effort
or deep concentration

0.149 (0.101-0.21)

CKD stage IV without
anemia

Tires easily, has nausea, reduced
appetite and difficulty sleeping

0.104 (0.07-0.147)

CKD stage IV with mild
anemia

0.108 (0.072-0.151)

CKD stage IV with
moderate anemia

0.15 (0.103-0.207)

CKD stage IV with severe
anemia

0.237 (0.165-0.324)

CKD stage V

Has lost a lot of weight and has
constant pain. The person has no
appetite, feels nauseated, and needs
to spend most of the day in bed

0.569 (0.389-0.727)

End-stage renal disease,
on dialysis

Is tired and has itching, cramps,
headache, joint pains, and shortness
of breath. The person needs
intensive medical care every other
day lasting about a half a day

0.571 (0.397-0.725)

End-stage renal disease,
with kidney transplant

Sometimes feels tired and down, and
has some difficulty with daily
activities

0.024 (0.014-0.039)

According to the GBD study, global and national estimates of YLD have

consistently increased since first described in 1990 (148/100,000 PY for U.S.) to 2015
(180/100,000 PY for U.S.) (Figure 9).3%¢ The corresponding increase in incidence rates for
CKD from approximately 3,600 to 4,200 events per 100,000 PY from 1990 to 2015

contributes heavily to the growth in YLD.33® Both incidence rates and YLD were
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significantly higher in the U.S. compared to global estimates demonstrating the large need

for reducing the burden of CKD and its associated disability nationally.

YLDs (Years Lived with Disability), rate per 100k Incidence, rate per 100k
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Figure 9. Trends in YLD and incidence rates per 100,000 person-years for CKD in the
US and abroad (1990-2015)33

Sub Aim 2.3: Estimate the change in years of life lost (YLL) associated with incident
CKOD attributable to population-wide blood pressure reductions of a magnitude
consistent with lifestyle interventions, by gender, race, and 10-year age categories.

Sub Aim 2.4: Estimate the change in years of life lost (YLL) attributable to increasing
awareness of blood pressure above goal, initiating antihypertensive therapy, or
decreasing uncontrolled blood pressure above goal in the population with hypertension,
according to recommended treatment thresholds from the 2014 guidelines for the
management of elevated blood pressure?® and JNC 7, by gender, race, and 10-year age

categories.
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YLL expresses burden in terms of premature mortality and will be calculated as the
number of deaths among those with CKD/kidney failure times the standard age-specific life
expectancy at age of death from CKD/kidney failure in years or YLL =Y number deaths
with CKD/kidney failure * life expectancy at age of death.?* Individual age-, gender-, and
race-specific life expectancies without CKD/kidney failure will be estimated using the 2010

US life tables.

Though YLLs for CKD were visibly lower in the U.S. compared to abroad in 1990,
large growth in YLLs for CKD nationally had essentially closed this gap by 2015 (Figure
10).3% A total of 1,080,889 YLL (rate 334/100,000 PY) for overall CKD were estimated for
the US in 2015, with 45% of YLLs for the CKD attributed to hypertension. Over this same
time period death rates for CKD had been consistently higher in the U.S. compared to abroad
and have increased at a higher rate from 1990 to 2015 (Figure 10).3%¢ In 2015 the age-
standardized death rate for CKD in the US was 24/100,000 PY compared to 17/100,000 PY
globally.3* This increasing death rate for CKD in the U.S. likely contributes to the growing

burden of YLL among the CKD population.
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Figure 10. Death rate and years of life lost per 100,000 person-years for CKD in the US
and abroad (1990-2015)33
Calculation of DALYS

Using estimates of YLD and YLL calculated in Aim 2, we will estimate the burden of
DALYs for CKD and kidney failure?* attributable to blood pressure reductions due to the
impact of population-wide (Sub aim 2.1 and 2.2) or high risk strategy (Sub Aim 2.3 and
2.4) interventions. DALYs will be calculated as the sum of YLL and YLD before blood
pressure intervention and among the remaining events after subtraction of events prevented
blood pressure reductions.?*3¥” Subsequently, we will contrast the potential benefits on
disability attributed to CKD and kidney failure, quantified as DALY, from interventions that
reduce blood pressure by contrasting life-style based population-wide interventions with
interventions that implement current clinical guidelines for blood pressure lowering among

individuals with elevated blood pressure above treatment goals.
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The rates of DALYs for CKD were higher globally than in the US until the late
2000s. The burden of DALYs for CKD in the U.S. increased from a rate of 347 per 100,000
PY in 1990 to approximately 520 DALY per 100,000 PY in 2015 (Figure 11).3% Most of
the reported DALY's for CKD are contributed by YLL, reflecting the effect of early mortality
in the CKD population. Given the substantial burden of DALY's from CKD in the U.S.,
quantifying the health impact of blood pressure interventions using disability indicators such
as DALYs aids in prioritizing public health interventions by stressing the relevance of CKD

in reducing health and increasing the burden of premature mortality.
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Figure 11. Trends in DALY rates per 100,000 person-years for CKD in the US and
abroad (1990-2015)3¢
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CHAPTER 5: RESULTS

5.1 Prevention of Chronic Kidney Disease: Impact of Addressing the Blood Pressure

Distribution, Not Just the Tail

Introduction

Chronic kidney disease (CKD), typically resulting from the gradual loss of kidney
function, affects an estimated 26 million or 13% (1999-2004) of US adults and results in
approximately 117,000 incident cases of end stage renal disease (ESRD) annually (2009).%?
Despite increased screening and emphasis on management of CKD, only 50% to 60% of
patients who progress to requiring dialysis are alive 3 years after ESRD diagnosis with
dialysis patients experiencing adjusted all-cause mortality rates that are 6.5 to 7.9 times
greater than the general population.® The burden of hospitalization, disability, and increased
risk of all-cause mortality associated with kidney disease*® call for a better understanding of
the potential benefits associated with preventive reduction of CKD risk factors.

Elevated blood pressure is considered a major modifiable risk factor for CKD with
well-defined approaches for its detection and management presenting an opportunity to
intervene on CKD development. Approximately 37% and 19% of ESRD cases in African
Americans and white Americans respectively are attributed to high blood pressure.® Even
blood pressure levels considered “high-normal” (defined as systolic blood pressure, SBP,
between 130 and 139 mmHg or diastolic blood pressure, DBP, between 85 and 89 mmHg)

are associated with a 3-fold greater risk of development of ESRD.1%!! While the efficacy of
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lifestyle modifications as well as pharmacological therapies in the management of high blood
pressure are established,'??° the predicted effects of blood pressure reductions on CKD
incidence have not been quantified to our knowledge. Here we estimated the effects of
population wide blood pressure reductions, achieved through lifestyle interventions, and
improved management of hypertension, achieved through pharmacological interventions, to

assess their potential impact on the population burden of incident CKD.

Methods
Study population

The Atherosclerosis Risk in Communities (ARIC) study is a prospective, population
based investigation of the etiology and natural history of CVD and its risk factors.” From
1987 to 1989, ARIC investigators sampled 15,792 predominately white American and
African American participants between the ages of 45 and 64 from four geographic regions
in the United States: Washington County, Maryland; suburban Minneapolis, Minnesota;
Forsyth County, North Carolina, and Jackson, Mississippi. The latter two communities
contributed the majority of African Americans to the cohort. Physical examinations and
standardized questionnaires were administered by trained study personnel at baseline and
during four follow up examinations. Cohort follow-up for identification and classification of
health outcomes is ongoing. The ARIC study obtained institutional review board approval
from all participating institutions, and informed consent was obtained at each study visit.

The following sequential exclusions were applied: participants who reported a race other
than African American or white American (n=48), participants with prevalent CKD
(estimated glomerular filtration rate (eGFR) < 60 mL/minute/1.73m?) at baseline or missing

information to determine prevalent CKD (n=354, 227 African American, 127 white
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American). After these exclusions, a total of 15,390 participants were available for the
evaluation of incident CKD. Follow-up time was calculated from study enrollment to the first
identification of CKD, loss to follow-up, death, or December 31, 2011.
Exposure and covariate assessment

Seated blood pressure measurements were taken after a five-minute rest using a
random-zero sphygmomanometer; the mean of the second and third baseline examination
readings was used for analysis. We used the both the 2014 Guidelines for the Management
of High Blood Pressure from the Eighth Joint National Committee (JNC 8) and JNC 7
guidelines to identify participants with blood pressure above goal. Using JNC 8 guidelines,
hypertension was classified by SBP >150 mmHg or a DBP > 90 mmHg for participants aged
> 60 years and SBP >140 mmHg or a DBP > 90 mmHg, for participants aged <60.2 Using
JNC 7 guidelines, hypertension was classified by a SBP >140 mmHg or a DBP > 90 mmHg
for participants for all ages. All study participants with blood pressure levels below goal
were classified as unexposed, irrespective of medication usage or history of hypertension, as
they were ineligible for interventions targeted to populations with blood pressure above goal.
All study participants with blood pressure measurements were eligible for the population-
wide blood pressure shift. Antihypertensive medication use, race, age, diabetes and gender
were assessed at study baseline.
Outcome ascertainment and definition

The eGFR for each participant was estimated from calibrated creatinine

measurements using the CKD-EPI equation. Incident CKD was a composite outcome
defined by at least 1 of the following conditions: (1) development of an eGFR < 60

mL/minute/1.73m? accompanied by 25% eGFR from baseline, using samples collected at
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ARIC visits 1, 2, 4 and 5, (2) death or hospitalization with CKD identified by International
Classification of Diseases (ICD) 9 or 10 discharge code 585.X in any position, and (3)
linkage to the USRDS national registry indicating ESRD treatment between baseline at the
end of follow up.>®¥ ARIC study participants were interviewed annually by phone and all
hospitalizations and deaths during the preceding year were identified, abstracted, and
adjudicated according to study criteria. Active surveillance of the ARIC cohort through local
hospital discharge records and vital records was also used to detect hospitalizations and
deaths of cohort participants and linkage to the USRDS national registry provided an avenue
for identifying ARIC participants with ESRD based physician determined kidney failure
from medical chart review.
Statistical Analysis

Incidence rates, stratified by race/ethnicity, were calculated by dividing the total number
of CKD events by the person-years (PY) at risk. A least squares linear regression
approach®?? was used to estimate the number of incident CKD events per 100,000 PY
potentially prevented after a population-wide 1 mmHg or 2 mmHg reduction in SBP adjusted
for age, gender, diabetes and anti-hypertensive medication use at baseline. These models
provided estimates of the incidence rate difference (IRD) for CKD associated with a 1 mmHg
decrement in SBP at study baseline, an increment potentially achievable after lifestyle
interventions were fully implemented;264265323-325 estimates for a 2 mmHg reduction were
obtained by multiplying the SBP regression coefficient by two.

To evaluate interventions targeted to populations with blood pressure above goal we
first estimated race-, gender-, diabetes- and age- (in five year increments) specific IRDs

using the least squares regression approach®?? for the association between blood pressure
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above goal and incident CKD. Reduction on the incidence rate after a 10% reduction in
unaware, untreated, or uncontrolled blood pressure above goal at study baseline were then

estimated in the ARIC study using the following equation: IRD;j;, * (proportion; —

proportion,,), where i, j, and k index race, gender, and 5 year age categories, proportion is
the race-specific proportion of blood pressure above goal estimated in NHANES, 3’ pre- (1
subscript) and post (m subscript)- intervention that shifted 10% of the proportion of the
population with unaware, untreated or uncontrolled blood pressure above goal to unexposed
(i.e. below goal blood pressure). Results were estimated per 100,000 PY and represent a
special case of the population attributable risk that considers partial, rather than complete,
elimination of the risk factor. Here we considered partial elimination of blood pressure above
goal, achieved after fully implementing interventions that decreased the proportion of the
population with unaware, untreated, or uncontrolled blood pressure by 10%.3% Age- gender-
and diabetes- specific results were then collapsed by race using a case-load weighted
summation method?°3% and 95% confidence intervals (Cl) were obtained using
bootstrapping.33!

As a sensitivity analysis, we estimated the impact of interval censoring on the IRDs
for both the population-wide and targeted blood pressure above goal reduction strategies.
Since incident CKD was ascertained at interval ARIC study visits, the exact timing of
incident CKD development is unknown. We applied follow-up time reductions of 1, 1.5, and
2 years among incident CKD cases identified at ARIC visits to estimate the impact of event
times occurring prior to identification at an ARIC visit. We also examined 5-20%
proportional reductions in unaware, untreated, and uncontrolled blood pressure above goal.

Contemporary race-specific population projections for the number of events prevented by the
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population-wide and the targeted interventions were calculated by multiplying the race
specific IRDs by the race specific total population aged 45 to 64 years from the 2010 U.S.
census population. All statistical analyses were performed with SAS 9.3 software (SAS
Institute, Cary, NC) and Statal2 (StataCorp, College Station, TX).

Contemporary race-specific weighted proportions of unaware, untreated, and
uncontrolled blood pressure above JNC 7 goal for ages 45-64 were estimated from the
National Health and Nutrition Examination Survey (NHANES, 2009-12) as follows: white
Americans,15.8% blood pressure above goal (42% unaware; 17% untreated; 41%
uncontrolled) and African Americans 26.4% blood pressure above goal (25% unaware; 20%
untreated; 55% uncontrolled). Individuals with hypertension who were aware and treated to
JNC 8 or INC 7 treatment goals were not included in the intervention group for the
respective analyses.

Results

At study baseline, 15,390 (26% African American, 55% female) eligible ARIC cohort
members were available for analysis (Table 12). On average, African Americans were twice
as likely to have blood pressure above goal, to report the use of antihypertensive medications,
or to have diabetes. As expected, more African Americans and white Americans were
defined as having blood pressure above goal using JNC 7 blood pressure guidelines
compared to JNC 8 guidelines. Over a mean 19.7 years of follow-up, 3,852 incident CKD
events (29% African American) were identified with an incident rate of 1,476 per 100,000
PY for African Americans and 1,203 per 100,000 PY for white Americans.

After a population-wide hypothetical intervention that achieved an overall 1 mmHg

decrement in SBP at study baseline, reductions of 13.4 (95% CI: 7.8-19.0) and 11.7 (95% ClI:
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6.2-17.3) incident CKD events per 100,000 PY in white Americans and African Americans
was estimated, respectively (Table 14). The hypothetical intervention achieving the larger
SBP reduction of 2 mmHg population-wide was associated with 2 times the reductions in the
incident CKD for both racial groups compared to a ImmHg reduction (Table 14). The
estimated preventable CKD events following a 1 mmHg reduction in SBP were fairly
comparable by race, with preventable events estimated to be slightly greater for white
Americans. If applied nationwide, a hypothetical 1 mmHg shift in SBP among African
American and white American populations aged 45-64 years was estimated to prevent
approximately 9,996 incident CKD events annually (Table 15).

As a contrast to hypothetical SBP reductions population wide, we estimated the effect
of interventions targeted to populations with blood pressure above goal that achieved a 10%
proportional reduction in unaware, untreated, or uncontrolled blood pressure. These targeted
blood pressure above goal intervention were applied to the corresponding (smaller) subset of
the total population. For example, using JNC 7 guidelines for blood pressure, before
intervention 28.3% of African Americans and 15.8% of white Americans aged 45-64 years
classified as having blood pressure above goal (NHANES 2009-2012; Table 13); we
therefore evaluated a targeted intervention that achieved a 10% proportional decrease in
unaware blood pressure above goal (i.e. 25% to 23% among African Americans and 42% to
38% among white Americans, respectively) resulting in post interventions proportion of
blood pressure above goal of 27.6% for African Americans and 15.1% for white Americans
(Table 13). In contrast to results from the population-wide SBP interventions, a 10%
proportional reductions in unaware, untreated, or uncontrolled blood pressure above JNC 7

goal produced the largest reduction in events for African Americans particularly for untreated
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and uncontrolled blood pressure above goal (Table 13). Specifically, a 10% proportional
reduction in unaware, untreated, or uncontrolled blood pressure above goal at study baseline
resulted in approximately 3.2 (95% CI: 2.0-4.9), 2.8 (95% CI: 1.8-4.3), and 5.8 (95% CI: 3.6-
8.8) fewer incident CKD events per 100,000 PY respectively, in African Americans and 3.1
(95% CI: 2.3-4.1), 0.7 (95% CI: 0.5-0.9), and 1.9 (95% CI: 1.3-2.4) fewer CKD events per
100,000 PY respectively in white Americans (Table 14). If 10% proportional reductions in
unaware, untreated, or uncontrolled blood pressure above JNC 7 goal were achieved
nationwide in African Americans and white Americans aged 45-64, approximately 2,098,
636, and 1,598 fewer incident CKD events, respectively could be prevented annually (Table
15). Notably, interventions targeted at populations with blood pressure above JNC 7 goal
produced greater estimated reductions in incident CKD than interventions targeted at
reductions in blood pressure above JNC 8 goal.

Sensitivity analyses to determine the degree to which length of follow-up time
influences the potential reduction in incident CKD indicated less than 1 additional
preventable event for up to 2 years of decreased follow up time among cases identified at
ARIC study visits (Appendix 1, Supplemental Table 1). Additional analyses examining 5%-
20% proportional reductions in unaware, untreated, and uncontrolled blood pressure above
goal demonstrated that size of the population impacted by the intervention considerably
varies the number of incident CKD events that can be prevented by targeting unaware,
untreated, or uncontrolled blood pressure above JNC 8 goals (Appendix 1, Supplement Table

2).
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Discussion

Predicted benefits from blood pressure reductions estimated in a biracial, population-
based cohort showed that a modest population-wide 1 mmHg or 2 mmHg decrement in SBP
could potentially prevent more incident CKD events per 100,000 PY than interventions that
achieved a 10% proportional reduction in unaware, untreated, or uncontrolled blood pressure
above goal. Although the population-wide approach estimated a similar number of CKD
event reductions by race, the estimated benefits of lowering the proportion of the population
with blood pressure above goal on CKD events were greater for African Americans,
particularly in regards to 10% reductions in untreated, and uncontrolled blood pressure above
goal.

Healthy people 2020 goals aimed for a 10% reduction in the proportion of the US
population with CKD and a 10% reduction in incident ESRD cases, goals that focus research
on prevention of CKD and kidney failure.3* However, little evidence is available on
population based interventions that prevent the initial development of CKD.5":72218 A
number of observational studies have identified elevated blood pressure as a risk factor for
development of CKD,?1%?22 and support the notion of benefits from blood pressure reduction
on the risk of CKD. Despite a strong association between elevated blood pressure and CKD,
randomized control trials of antihypertensive therapy on CKD progression have failed to
provide sufficient evidence of efficacy, particularly for intensive control of blood pressure
239339340 primordial prevention of CKD provides the greatest opportunity for reducing the
incidence of CKD and kidney failure and will likely shape future public health initiatives as

focus shifts from halting progression of CKD to preventing its development.
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An exclusive focus on hypertension as opposed to blood pressure shifts to higher
values constrains the opportunity to examine high-impact, population-wide blood pressure
reduction approaches and the potential benefits associated with reducing blood pressure in
the large segment of the population at risk for CKD. Given the monotonic (graded)
relationship between blood pressure level and disease risk and the large proportion of CKD
events that occurs among those whose elevated blood pressure is treated and controlled, a
population-based strategy is posited to achieve the largest benefit in reducing the overall
burden of blood-pressure related outcomes.?>°2% Although small reductions in blood
pressure across the population resulted in modest IRD estimates, when applied to the
population as a whole the impact of a 1 mmHg decrement in blood pressure population-wide
on the overall burden of CKD is pronounced. Approximately 10,000 annual incident CKD
events could theoretically be prevented among U.S. African American and white American
populations aged 45 years or greater. Prevention-oriented lifestyle modifications are
expected to have a positive impact on disease incidence and progression across race/ethnic
groups if implemented population-wide, or reinforced during medical encounters among high
risk groups, yet are often undervalued or unsupported as public health strategies of CKD
prevention.?’2273:313314 A hetter understanding of the potential benefits associated with
modification of risk factors for CKD and kidney failure at the population level and among
high-risk groups is needed to reduce the population burden of disease attributable to CKD.

Contrasting population-wide interventions with high-risk approaches relies on
assumptions and is inherently dependent on the thresholds used to define the high-risk
populations, and thus the size of the population targeted for intensive reductions.

Controversially, the 2014 JNC 8 blood pressure guidelines raised the treatment thresholds for
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adults 60 years of age or older to SBP >=150 mmHg as opposed to the more proactive SBP
threshold of 140 mmHg used under JNC 7.1%2% Due to this difference in treatment
thresholds, 10% improvements in uncontrolled blood pressure above goal as defined by JNC
7 are expected to prevent 300 more events in the U.S. African American and white American
populations aged 45 years to 64 years annually compared to a 10% reduction in blood
pressure above goal defined by JNC 8 treatment guidelines. Evidence from randomized
control trials of the benefit of treatment thresholds lower than JNC 7 for CKD prevention
remains unclear. The Systolic Blood Pressure Intervention Trial (SPRINT), demonstrated the
value of controlling blood pressure to or below the level recommend by treatment guidelines
for cardiovascular outcomes with or without CKD, suggesting that proper management of
patients with elevated blood pressure could improve the suboptimal levels of blood pressure
control and CVD currently documented in the US population.?®* However, the group treated
most intensively for blood pressure control also experienced higher risk of CKD, or a
decrease in the eGFR of >30% to a value of < 60 ml per minute per 1.73 m? than the standard
group, suggesting that lower treatment targets for blood pressure potentially harm levels of
kidney function.?®® As future trials decipher antihypertensive medication effects on incident
CKD from the effect of lower blood pressure, estimates of preventable events achieved from
reduction blood pressure to lower thresholds can be appropriately interpreted and compared
to the preventable burden of CKD due to blood pressure reductions under previous
guidelines.

Among the clinical management approaches considered, improvements in
uncontrolled blood pressure offered the greatest opportunity to prevent incident CKD. In the

general population only about half of the population with elevated blood pressure is
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effectively controlled to the recommended goals, leaving much room for improvement in the
management strategy used to prescribe, dose and monitor the regimen used to achieve blood
pressure targets. Recent clinical trial evidence demonstrates that proper management of
patient with elevated blood pressure can improve the suboptimal levels of blood pressure
control currently documented in the US population®®?. As CKD progresses so does the
difficulty to control blood pressure, accentuating the importance of blood management prior
to the development of CKD. Providing estimates of CKD events potentially preventable
through reductions in uncontrolled blood pressure above goal invites a review of current
blood pressure management practices, although a greater convergence among trial findings
supporting the use of antihypertensive therapy for CKD prevention is needed.

The strengths of this study include the use of a large, biracial cohort with high
retention and quality assurance protocols over an average of 20 years of follow up. There
also are several limitations that deserve consideration. The ARIC cohort was sampled from 4
geographically defined locales and results may not be fully generalizable to the general
population, particularly for African Americans who were primarily recruited from Jackson,
Mississippi and Forsyth County, North Carolina; other U.S. minority groups were not
represented in this study. The ARIC study was also restricted to participants aged 45-64
years at study baseline. Further, we assumed the same incidence rate reduction when
calculating the number of events that could be prevented from interventions that targeted
unaware, untreated, and uncontrolled blood pressure above goal. We also estimated separate
intervention effects, for unaware, untreated, and uncontrolled blood pressure above goal; in
practice, these interventions would likely be promoted in combination and associated with

target specific IRDs.

118



As the focus of CKD research shifts from studying disease progression to disease
prevention, modest blood pressure interventions population-wide and among the high risk
population with blood pressure above goal both provide an opportunity to substantially
reduce the burden of CKD. Blood pressure thresholds used to define and treat the high-risk
group are evolving, making the estimation of preventable CKD events under each guideline
particularly timely as an intuitive means of expressing the potential implications of blood
pressure treatment thresholds on the development of kidney disease. While lowering the
threshold for blood pressure treatment could increase the impact of high risk strategies on
CKD prevention, small decrements in the population level of SBP offer an effective method
to prevent the largest number of CKD events and should be developed as an integral
component of CKD prevention strategies.
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Table 12. Baseline characteristics of the ARIC Study cohort (N=15,390) by race, 1987-

1989.

African Americans White

Baseline Characteristics (n=4,039) Americans
(n=11,351)

Mean follow-up in years, (SD) 18.7 (7.2) 20.0 (6.4)
Mean age in years, (SD) 53.5 (5.8) 54.3 (5.7)
Diabetes 750 (18.6) 1016 (9.0)
Female, N (%) 2,488 (61.6) 5,990 (52.8)
Reported antihypertensive use, N (%) 1,597 (50.6) 2,201 (22.2)
Mean systolic blood pressure, mmHg 1285 (21.1) 118.4 (17.0)
(SD) ' '
Mean diastolic blood pressure, mmHg 767 (12.2) 115 (10.1)
(SD) ' '
Blood pressure categories*
Blood pressure below JNC 8 goal, N 2,802 (71.6) 10,182 (89.7)
(%) ’ '
Blood pressure above JNC 8 goal, N (%) 1,146 (28.4) 1,164 (10.3)
Blood pressure below JNC 7 goal, N
(%) 2,807 (69.5) 9,922 (87.5)
Blood pressure above JNC 7 goal, N (%) 1,231 (30.5) 1,424 (12.6)

*INC&, blood pressure values that exceed thresholds for management of blood pressure defined by JNC 7; JNC
8, blood pressure values that exceed thresholds for management of blood pressure defined by JNC 8; blood
pressure below goal, blood pressure values below thresholds for management of blood pressure defined by JNC
8

ARIC, Atherosclerosis Risk in Communities Study; SD, standard deviation
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Table 13. Proportion of African American and white American NHANES participants
aged 45-64 years with blood pressure above JNC 8 and JNC 7 goal before and after

targeted interventions improving unaware, untreated, and uncontrolled blood pressure
by 10%, 2009-2012

Proportion of participants with blood pressure above goal

After 10% After 10% After 10%
reduction in reduction in reduction in
Before proportion of proportion of proportion of
invention | unaware blood untreated blood | uncontrolled blood
Blood pressure pressure above pressure above pressure above
guidelines Race goal goal goal
African 26.36 25.84 25.78 24.82
INC 8 Americans
White 11.88 11.41 11.71 11.33
Americans
African
INC 7 Americans 28.31 27.60 27.74 26.75
White 15.79
Americans 15.12 15.53 15.14
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Table 14. Table 3: Estimated incident CKD events reduced from population-wide or

targeted hypothetical interventions that achieves a 1-2 mmHg decrement in SBP or a
10% reduction of unaware, untreated or uncontrolled blood pressure above goals, by
race (N=15,390), 1987-2011, ARIC Study.

Incident CKD events reduced* per 100,000 PYs (95% CI) by
Interventions achieving reductions in BP

Blood pressure intervention

African Americans

White Americans

Hypothetical p

opulation-wide intervention to decrease SBP

1 mmHg decrease

11.7 (6.2-17.3)

13.42 (10.3-16.6)

2 mmHg decrease

235 (12.3-34.6)

26.8 (20.6-33.1)

Hypothetical intervention to

reduce blood pressure (above JNC 8 treatment threshold)

10% decrease in unaware 2.7 (1.6-4.2) 2.5(1.8-3.3)
10% decrease in untreated 2.4 (1.4-3.7) 0.5 (0.4-0.7)
10% decrease in uncontrolled 4.9 (2.9-7.6) 1.5(1.0-1.9)
10% decrease in all BP above goal 13.6 (8.0-21.1) 6.2 (4.4-8.2)

Hypothetical intervention to

reduce blood pressure (above JNC 7 treatment threshold)

10% decrease in unaware 3.2 (2.0-4.9) 3.1(2.3-4.1)
10% decrease in untreated 2.8 (1.8-4.3) 0.7 (0.5-0.9)
10% decrease in uncontrolled 5.8 (3.6-8.8) 1.9 (1.3-2.4)
10% decrease in all BP above goal 16.1 (10.0-24.3) 7.8 (5.6-10.2)

*Events reduced calculated as IRD;jy * (proportion; — proportion,,), where i, j, and k index race, gender, and 5 year

age categories, proportion is the race-specific proportion of blood pressure above goal pre- (I subscript) and post (m
subscript)- intervention, per 100,000 person years
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Table 15. Estimated incident CKD events reduced from hypothetical population-wide and
targeted blood pressure reduction interventions, by race, 2010 US census population ages 45-
64

Incident CKD events reduced* per 100,000 PYs (95% CI) by
Interventions achieving reductions in BP

Blood pressure intervention African Americans White Americans
US population size US population size
N=9,042,518 N=57,864,260
Hypothetical population-wide intervention to decrease SBP
1 mmHg decrease 1.351 8.645
2 mmHg decrease 2702 17290

Hypothetical intervention to reduce blood pressure (above JNC 8 treatment threshold)

10% decrease in unaware 245 1,425
10% decrease in untreated 216 229
10% decrease in uncontrolled 444 846

10% decrease in all BP above goal 1227 3,563

Hypothetical intervention to reduce blood pressure (above JNC 7 treatment threshold)

10% decrease in unaware 291 1,807
10% decrease in untreated 256 380

10% decrease in uncontrolled 526 1,072

10% decrease in all BP above goal 1,454 4,518

*Total 2010 US census race specific populations aged 45-64 (American Americans n= 9,042,518, white Americans n=
57,864,260) were used to calculate the by above goal blood pressure
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5.2 Preventable Burden of Kidney Failure Disability Attributable to Blood
Pressure: The ARIC study

INTRODUCTION

Chronic kidney disease (CKD) and kidney failure affect nearly 15% of the American
population®® and represent an increasing cause of disability adjusted life years (DALYS) and
premature mortality worldwide.®> CKD is often asymptomatic in early stages, however as
the disease progresses to kidney failure, prevalence and intensity of complications and
comorbidities increase. Among new dialysis patients (2005-2007), less than a quarter of the
population reported being able to work for pay, with approximately 80% of the same patients
having applied for disability benefits.?? Despite recent declines in mortality rates among
those with end stage renal disease (ESRD), dialysis patients younger than 80 years of age
continue to have less than one third of the remaining life expectancy of their counterparts
without ESRD.®* This increasing burden of disability and premature mortality supports the
need for clinical and public health efforts to reduce new cases of kidney failure, a key
priority of Healthy People 2020.

Modifying the risk profile of the at-risk population could substantially reduce the
burden of kidney failure and its associated disability. Elevated blood pressure is present in
over 90% of dialysis patients, results in substantial morbidity,*** and among risk factors for
CKD, it is the leading contributor to mortality.*? Intensive blood pressure lowering is
protective against kidney failure events, particularly among CKD patients with proteinuria,*
and current preventative care strategies aim to maintain stringent control of blood pressure
through antihypertensive medications among those with CKD.%%24® Moreover, lifestyle
modifications that can be applied population-wide have proven to be effective in reducing

blood pressure3#334* and could substantially reduce the burden of kidney failure. Quantifying
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the burden of kidney failure that could be prevented by decreasing blood pressure levels
population wide and among high risk populations is of direct relevance for primary
prevention, resource allocation and research prioritization of this costly and deleterious
disease. Here we estimate the burden of kidney failure that can be prevented by intervening
on blood pressure, based on a prolonged follow up of the Atherosclerosis Risk in
Communities (ARIC) cohort.

Methods

Study population

The ARIC study is a prospective, population based investigation of the etiology and
natural history of cardiovascular disease (CVD) and its risk factors.” From 1987 to 1989,
ARIC investigators sampled 15,792 predominately white American and African American
participants between the ages of 45 and 64 years from four geographic regions in the United
States: Washington County, Maryland; suburban Minneapolis, Minnesota; Forsyth County,
North Carolina, and Jackson, Mississippi. The latter two communities contributed the
majority of African Americans to the cohort. Physical examinations and standardized
questionnaires were administered by trained study personnel at baseline and during four
follow up examinations.” Cohort follow-up for identification and classification of health
outcomes is ongoing. The ARIC study obtained institutional review board approval from all
participating institutions, and informed consent was obtained at each study visit.

Due to small numbers, participants who reported a race other than African American or
white American (n=48) at baseline were excluded from these analyses. A total of 15,744

participants were available for the evaluation of incident kidney failure. Follow-up time was
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calculated from study enrollment to the first identification of kidney failure, loss to follow-
up, death, or December 31%, 2011.
Exposure and covariate assessment

Two hypothetical interventions to lower blood pressure were compared for their
estimated effects on the incidence of kidney failure and the burden of deaths and disability.
One intervention approach represents population-based, low intensity behavior modifications
consistent with various changes in lifestyle, that based on experimental evidence are
associated with reductions in habitual blood pressure levels.1”3272% Consistent with
observed changes in lifestyle, the shifts in behaviors and routines considered here apply to
large segments of the population and can reflect various messages and diverse channels. For
purposes of these analyses the magnitude of blood pressure reduction attributable to this
hypothetical population-wide shift in blood pressure was conservatively set at 1 mmHg, and
2 mmHg systolic blood pressure (SBP).

The alternative intervention considered is a proportional 10% reduction in individuals
with blood pressure above goal per clinical guidelines for management of blood pressure.
This reduction may be achieved by various extant or new programs. We used both the 2014
Guidelines for the Management of High Blood Pressure from the Eighth Joint National
Committee (JNC 8) and JNC 7 to identify participants with blood pressure above goal. Using
JNC 8, blood pressure above goal was classified by SBP >150 mmHg or a diastolic blood
pressure (DBP )> 90 mmHg for participants aged > 60 years and SBP >140 mmHg or a DBP
> 90 mmHg, for participants aged <60.23 Using JNC 7, blood pressure above goal was
classified by a SBP >140 mmHg or a DBP > 90 mmHg for participants of all ages. All study

participants with blood pressure levels below goal were classified as unexposed, irrespective
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of medication usage or history of hypertension, as they were ineligible for clinical
intervention targeted to populations with blood pressure above goal. All study participants
with blood pressure measurements were eligible for the population-wide blood pressure shift.
Seated blood pressure measurements at the ARIC baseline examination were taken after a
five-minute rest using a random-zero sphygmomanometer; the mean of the second and third
consecutive readings was used for analysis.3*® Antihypertensive medication use, race, age,
diabetes and gender were assessed at study baseline according to a standardized protocol. 3t
Outcome ascertainment and definition
eGFR was estimated from calibrated creatinine measurements using the CKD-

Epidemiology Collaboration equation. Incident kidney failure was a composite outcome
defined by at least 1 of the following conditions 1) an ARIC study visit with an eGFR
measurement of <15 mL/min/1.73 m? 2) International Classification of Diseases (ICD) 9 or
10 codes from hospitalizations and deaths that represent kidney failure, transplantation, and
dialysis; and 3) linkage to the USRDS national registry indicating ESRD treatment between
baseline at the end of follow up. Disability weights for treated stage 5 CKD were those
published by the Global Burden of Disease Project (2016) as 0.571.3%2
Statistical Analysis

Incidence rates, stratified by race/ethnicity, were calculated by dividing the total number
of kidney failure events by the person-years at risk. A least squares linear regression
approach®?? was used to estimate the number of incident kidney failure events per 100,000
person-years (PY) potentially prevented after a population-wide 1 mmHg or 2 mmHg SBP
reduction adjusted for age, gender, diabetes and anti-hypertensive medication use at baseline.

These models provided estimates of the incidence rate difference (IRD) for incident kidney
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failure associated with a 1 mmHg decrement in SBP at study baseline;264265323-325 gstimates
for a 2 mmHg reduction were obtained by multiplying the SBP regression coefficient by two.
To evaluate interventions that target populations with blood pressure above goal we first
estimated race-, gender-, diabetes- and age- (in five year increments) specific IRDs using the
least squares regression approach®?? for the association between blood pressure above goal
and incident CKD. Reductions in the incidence rate after a 10% reduction in blood pressure
above goal at study baseline were then estimated in the ARIC study using the following
equation: IRD;j, * (proportion; — proportiony,), where i, j, and k index race, gender, and
5 year age categories, proportion is the race-specific proportion of blood pressure above goal
estimated in National Health and Nutrition Examination Survey (NHANES),? pre- (I
subscript) and post (m subscript)- intervention that shifted 10% of the proportion of the
population with blood pressure above goal to unexposed (i.e. below goal blood pressure).
Results were estimated per 100,000 PY and represent a special case of the population
attributable risk that considers partial, rather than complete, elimination of the risk factor.
Here we considered partial elimination of blood pressure above goal, achieved after
implementing interventions that decreased the proportion of the population with blood
pressure above goal by 10%.3% Age- gender-and diabetes- specific results were then
collapsed by race using a case-load weighted summation method3?®3%° and 95% confidence

intervals (C1) were obtained using bootstrapping.®3
Disability adjusted life years

DALYs are commonly used health metrics to quantify disability associated with a
disease and measure the difference between the current health status in the population and a

counterfactual where the population does not develop the disease, instead living a full life
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expectancy without disability.?® A single disease-specific DALY can be interpreted as one
healthy year of life loss due that medical condition. DALY's are comprised of two measures:
years of life lost (YLL) as the premature mortality in a population due to medical condition,
and years of life lived with disability (YLD) that estimates the disability associated with living
in the diseased state. DALY's were calculated as the sum of YLL and YLD:

DALYs=YLLs + YLDs
where:
YLLs=) number of deaths x life expectancy at age of death
and:
YLDs=)Y Number of incident cases x disability weight x the average duration of a case

For YLL estimation the number of deaths included all deaths among those with kidney
failure and life expectancy at age of death was calculated using age, race, and gender specific
2012 US life tables. Calculation of YLD for kidney failure was dependent on the disability
weight assigned to designate the severity of disability experienced as a result of living with
kidney failure. Disability weights for a given medical condition conventionally range from 0
to 1, with 0 implying ideal or optimal health and 1 implying a state equivalent to death. The
disability weight assigned to treated stage 5 CKD by the Global Burden of Disease panel of
reviewers was 0.571.3% For YLD estimation, the disability weight (0.571) was multiplied by
the number of incident kidney failure events and by the average duration of a case until death
or end of follow-up. DALY s for each blood pressure reduction strategy were calculated as the
difference between DALYSs associated with all ARIC incident kidney failure events and

DALYs associated with the number of incident kidney failure events after a given blood
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pressure reduction. All statistical analyses were performed using SAS 9.4 (Cary, North

Carolina) and STATA 12 (College Station, Texas).

Results

Compared with white Americans, African Americans were slightly younger, more often
female, and twice as likely to have diabetes at baseline. African Americans were also twice
as likely to be on antihypertensive treatment and had a higher prevalence of blood pressure
above both JNC 7 and JNC 8 goals compared to white Americans (Table 16). Over a mean
20.4 years of follow up, 432 and 522 cases of kidney failure were identified in African
Americans and white Americans respectively, (Tables 16 and 17). The crude incidence rate
of kidney failure among African Americans (527.1/100,000) was approximately 2 times the
incidence rate of kidney failure among white Americans (218.9/100,000).

A reduction of 20.1 (95% CI: 12.4-27.8) and 9.3 (95% CI: 6.0-12.5) incident kidney
failure events per 100,000 PY in African Americans and white Americans, respectively was
estimated to follow a population-wide hypothetical intervention that achieved an overall 2
mmHg decrement in SBP at study baseline (Table 18; Figure 12). The estimated preventable
incident kidney failure events following a 2 mmHg reduction in SBP were twice as large in
African Americans compared to white Americans. If applied nationwide, a hypothetical 2
mmHg shift in SBP among African American and white American aged 45-64 years was
estimated to prevent approximately 7,176 incident kidney failure events annually; a more
modest reduction of 1 mmHg decrement in SBP would result in approximately 3,588 incident
kidney failure events annually (Table 19).

In addition to decreasing the incidence of kidney failure, a population wide reduction in

SBP may impact disability and early mortality associated with kidney failure. In the ARIC
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cohort, kidney failure was associated with 11,233 YLLs (47% African American) as a
measure of burden of early mortality. Approximately 2,872 years of life were lived following
the incident kidney failure event; multiplying this estimate by the kidney failure disability
weight of 0.571 yielded 1,640 YLDs (49% African American). Together, the YLD and YLL
estimates (total DALYs=12,873) indicated that, on average, African American and White
American ARIC participants with kidney failure experienced 13.9 and 12.7 DALY, the
majority representing early mortality. A 2 mmHg reduction in SBP was associated with 37.5
and 14.0 fewer DALY associated with kidney failure in African American and white
American participants, respectively.

As a comparison to hypothetical population wide SBP reductions we estimated the
effect of interventions that target populations with blood pressure above goal, and thus apply
to this smaller set of the total population. Interventions applied population-wide included the
entire eligible ARIC cohort of 15,744 participants at baseline, whereas interventions targeted
to populations above JNC 7 guidelines applied to 1,229 and 1,186 African Americans and
white American participants classified as having blood pressure above goal. A 10%
proportional reduction in blood pressure above JNC 7 goal estimated a slightly higher
reduction in kidney failure events compared to a population-wide reduction of 1 mmHg for
African Americans. In contrast, a 10% reduction in blood pressure above goal resulted in
approximately half the event reductions association with a 1 mmHg population wide SBP
reduction for white Americans (Table 18). Specifically, a 10% proportional reduction in
blood pressure above goal at study baseline resulted in approximately 12.5 (95% ClI: 7.8-
17.6), and 2.5 (95% CI: 1.3-3.7) fewer incident kidney failure events per 100,000 PY in

African Americans and white Americans, respectively (Table 18). If a 10% proportional
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reduction in blood pressure above JNC 7 goal were achieved nationwide in African
Americans and white American populations aged 45-64, approximately 1,129 and 1,418
incident kidney events could be prevented annually. A 10% reduction in blood pressure
above goal was associated with 23.5 and 3.9 fewer DALY associated with kidney failure in
African American and white American participants, respectively.
Discussion

Our results from a biracial, population-based cohort estimate that a modest
population-wide 2 mmHg decrement in systolic blood pressure could prevent substantially
more incident Kidney failure events compared to interventions that achieve a 10%
proportional reduction of the population with blood pressure above the treatment goal. For
either hypothetical approach to blood pressure reduction, the estimated benefits of lowering
blood pressure on incident kidney failure events were greater for African Americans
compared to white Americans. Kidney failure was associated with premature mortality and a
considerable number of years lived with disability. Both the population-wide and the blood
pressure above goal interventions considered in this report were estimated to decrease the
incident of kidney failure and the number of DALY's associated with kidney failure events.

We consider the two types of intervention presented in this report to be compatible,
and likely complementary. Although they mostly draw on different resources and channels
of funding, only clinically oriented strategies that target ‘high risk’ populations whose blood
pressure is elevated above goal are now being implemented systematically, and on a large
scale. An exclusive reliance on the high risk strategy focused on individuals whose blood
pressure is above a treatment goal is insufficient to reduce the burden of disease and

mortality associated with the levels of blood pressure that characterize most

132



contemporaneous populations.?*>232 QOur results suggest considerable potential for benefit in
reducing the burden of kidney failure and associated DALY through population-wide
reductions of blood pressure that are of modest magnitude, and are demonstrably attainable
through modification of lifestyle or health-related behaviors. Awareness of the large
predicted benefit associated with population-wide blood pressure reductions of modest
magnitude is low however, to the detriment of efforts to investigate population strategies for
blood pressure reduction and the primordial prevention of blood pressure elevation.

While environmental, behaviors and lifestyle factors can have a substantial influence
on both the development and progression of CKD and its risk factors,8%1°1:155176.312 emphasis
is often placed on lifestyle modification after CKD has developed.?®'8 The estimated
reductions in incidence and associated disability across race/ethic groups following a
population wide reduction in SBP support a paradigm shift not only from focusing
predominately on risk factors once levels have surpassed clinical thresholds that designate
them as targets for intervention but also support a shift from focusing on lifestyle factors
after kidney disease has developed.?’2273313314 Although lifestyle modification studies for
the long-term prevention of kidney failure are scarce, preventable lifestyle modifications
such as increased physical activity and optimized diet quality are expected to have a positive
impact on risk factors that influence the initial development of kidney failure, such as
elevated blood pressure, obesity and diabetes,264282:344-346

African Americans comprise of approximately a quarter of the ARIC cohort, however
approximately half of the DALY associated with incident kidney failure in this population
are contributed by African Americans, reflecting the near double incidence rate of kidney

failure among African Americans compared to white Americans in the ARIC cohort.
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Previous studies suggest that accounting for age, the incidence rate of ESRD with
hypertension listed as the primary cause is 2 to 7 fold higher among African Americans
compared to white Americans.®® The relationship between hypertension and ESRD and the
higher prevalence of blood pressure above goal in African Americans contributes to
explaining the considerably greater estimated benefits from blood pressure reductions on
kidney failure events observed for African Americans compared to white Americans. The
disproportionate burden of kidney failure among African Americans,® highlights the need
for more widespread interventions that can benefit this population to reduce disparities in the
burden of kidney failure.

Despite the large burden of disability estimated for CKD and kidney failure by the
Global Burden of Disease project,* few studies have characterized the disability associated
with kidney failure.3** In addition to the complex manifestations of kidney failure and its
associated comorbidities,®* dialysis requires a patient to seek intensive medical care
approximately three times a week, for sessions lasting nearly a half a day.3*® Symptoms of
kidney failure, including extreme fatigue and the time commitment required for dialysis,
restrict patients’ ability to care for themselves physically and financially.?? In addition to
reductions in incidence and disability, the economic savings potentially achieved from
population strategies to prevent or delay the onset of kidney failure and its sequelae of
chronic conditions such as congestive heart failure, should be considered.®®34° Estimates
from USRDS 2016 show that approximately 678,383 ESRD patients accounted for $32.8
billion in direct medical costs, driven in part by the cost of $87,638 per year for the treatment
of each hemodialysis patient.*® Beyond the costs of care, benefits associated with efforts to

prevent kidney failure would accrue from the increase in years of productive life and the
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avoidance or delay of disability associated with kidney failure.?23% Analysis of the health
and economic benefits associated with prevention of incident kidney failure through blood
pressure reduction should thus consider population intervention approaches to achieve
modest reductions in blood pressure levels.

The strengths of this study include over 20 years of follow up of a biracial, middle
aged cohort with standardized examinations and assessments of risk factors, and a
comprehensive surveillance of kidney failure.”**! Extending the traditional USRDS
identification of ESRD to include diagnostic codes and eGFR measurements at ARIC visits
for kidney failure identification incorporated death as a competing event in late stage CKD,
prior to dialysis initiation or entry in the USRDS registry. Several limitations of our analysis
should also be considered. Our calculation of DALY considers all incident kidney failure
events as treated with dialysis and thus all events are assigned a disability weight of 0.571. A
sensitivity analysis classifying incident kidney failure events not identified by linkage to
USRDS as untreated assigned a disability weight of 0.569,%2 which did not appreciably
change our results. Furthermore, our estimated reduction in DALY following decreases in
blood pressure only decreased the number of incident events used to calculate YLD and did
not impact the estimated number of deaths among those with incident kidney failure, likely
underestimating the benefit of blood pressure reduction on DALYS.

A recent Kidney Disease Improving Global Outcomes (KDIGO) conference
identified a need to characterize the impact of kidney failure on population health for
policymakers to enable an allocation of resources for prevention.®*? Primordial and primary
prevention of risk factors for kidney failure, including blood pressure, in early and middle

life likely provide the greatest opportunity for reducing the incidence of kidney failure and its
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associated disability. Our results suggest that modest improvements in the population level of
blood pressure, and in the proportion of individuals with blood pressure above goal can
decrease both the incidence of kidney failure and the number of years lost or lived with
disability associated with kidney failure.

Table 16. Baseline characteristics of the Atherosclerosis Risk in Communities Study
(ARIC) Study cohort (N=15,744) by race, 1987-19809.

African Americans White Americans

Baseline Characteristics (n=4,266) (n=11,478)
Mean follow-up in years, (SD) 19.3(7.0) 20.8 (6.0)
Mean age in years, (SD) 53.6 (5.7) 54.4 (5.7)
Diabetes 821 (19.8) 1046 (9.1)
Female, N (%) 2,635 (61.2) 6,050 (52.7)
Reported antihypertensive use, N (%) 1,728 (40.5) 2271 (198)
Mean systolic blood pressure, mmHg (SD) 128.9(21.6) 1185 (17.0)
Mean diastolic blood pressure, mmHg (SD) 79.1(123) 71.5(10.0)
Blood pressure categories*

Blood pressure above JNC 8 goal, N (%) 1,229 (28.9) 1,186 (10.3)
Blood pressure above JNC 7 goal, N (%) 1,324 (31.8) 1,453 (12.7)

*IJNC 7, blood pressure values that exceed thresholds for management of blood pressure
defined by JNC 7; JNC 8, blood pressure values that exceed thresholds for management of
blood pressure defined by JNC 8; SD, standard deviation
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Table 17. Incident CKD and kidney failure events and incidence rates in the ARIC
study cohort (N=15,744), by race (1987-2011)

Incident kidney failure events reduced*
per 100,000 PYs (95% CI) by
Interventions achieving reductions in BP

Blood pressure intervention

African Americans

white Americans

Hypothetical population-w

ide intervention to decrease SBP

1 mmHg decrease

JNC 7 treatment goal

10.5 (6.2-13.9) 4.6 (3.0-6.3)
2 mmHg decrease 20.1 (12.4-27.8) 9.3 (6.0-12.5)
Hypothetical intervention to reduce blood pressure above treatment threshold
10% decrease in all BP above 10.2 (5.8-15.0) 2.2 (1.2-3.3)
JNC 8 treatment goal
10% decrease in all BP above 12.5 (7.8-17.6) 2.5(1.3-3.7)

Table 18. Estimated incident Kidney failure events reduced from population-wide
intervention that achieves a 1-2 mmHg decrement in SBP, or targeted intervention that

achieves a 10% reduction in blood pressure above JNC 8 or JNC 7 treatment goals, by
race (N=15,744), 1987-2011, ARIC Study.

African American White Americans

Number Total Incidence Number Total Incidence

of Events Person- Rate per of Events Person- Rate per

years 100,000 PY Years 100,000
PY

Incident CKD 1,115 75,547.9 1,475.9 2,737 227,556.7 1,202.8
Incident Kidney 432 81,954.4 527.1 532 238,483.7 223.5
Failure
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Table 19. Estimated incident Kidney failure events reduced from hypothetical
population-wide and targeted blood

Incident kidney failure events reduced*
per 100,000 PYs (95% CI) by
Interventions achieving reductions in BP

Blood pressure intervention African Americans white Americans
US population size US population size
N=9,042,518 N=57,864,260
Hypothetical population-wide intervention to decrease SBP
1 mmHg decrease 909 2,679
2 mmHg decrease 1,818 5,358

Hypothetical intervention to reduce blood pressure above treatment threshold

10% decrease in all BP above

JNC 8 treatment goal 921 1,251

10% decrease in all BP above 1,129 1,418
JNC 7 treatment goal

*Total 2010 US census race specific populations aged 45-64 (African American n= 9,042,518,
white American n=57,864,260) were used to calculate the population projections
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Figure 12. Incidence rate differences or estimated number of events reduced for kidney
failure per 100,000 person-years associated with 2 mmHg reduction in systolic blood
pressure population-wide (circle), 10% proportional reductions in blood pressure above
JNC 8 (triangle) and JNC 7 treatment goal (square) in African American (black
symbols) and white American (white symbols) ARIC participants, 1987-2011
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CHAPTER 6: DISCUSSION

6.1 Introduction

To our knowledge, the results presented herein are the first to compare the benefits of
population-wide blood pressure reduction strategies and among those with blood pressure
above treatment thresholds for the prevention of CKD and kidney failure. Despite the ability
of lifestyle interventions to reduce many of the risk factors for CKD, few studies have
evaluated the predicted effect on incident CKD or kidney failure associated with
improvements in diet quality, and physical activity.**34 Given that elevated blood pressure
is a highly prevalent risk factor for CKD that is modifiable by well-established lifestyle
modifications, this represents an opportunity to influence blood pressure levels at the
population level to prevent or delay the development of CKD and kidney failure, and their
associated disability. Our results comparing the impact of two pragmatic interventions on
blood pressure levels hypothesized to reduce the incidence of CKD and kidney failure
suggest that modest improvements both in the level of SBP and of blood pressure above goal
have the potential to reduce the incidence of CKD and kidney failure substantially. African
Americans, who bear a disproportionate burden of kidney failure and its associated disability,
would potentially benefit from blood pressure reduction strategies more than white
Americans. Further work to define the ability and cost effectiveness of lifestyle
modifications to reduce the burden of CKD and kidney failure in the U.S. population is
needed to define the merits of widespread implementation of population-wide lifestyle

interventions for CKD prevention.

140



6.2 Key Findings

Three main comparisons are presented and described by this doctoral research: (1) the
potential events reduced from population-level primordial prevention of elevations in blood
pressure compared to the high risk approaches of treating clinical defined elevated blood
pressure, (2) the benefits of reducing blood pressure on the incidence of CKD compared to
incidence of kidney failure and (3) the evaluation of the impact of 10% reductions in blood
pressure above treatment goals on incident CKD and incident kidney failure events,
contrasting the thresholds of the two most recent blood pressure reduction guidelines (JNC 7
and 8). Each of these comparisons have public health implications that could influence the
current paradigm that focuses on risk factors or diseases once they reach a clinical
intervention target, to an emphasis on prevention at the population level and the clinical
setting.

Population-wide reductions in SBP of 2 mmHg are predicted to preempt
approximately twice the number of incident CKD and kidney failure events compared to a
10% reduction in the proportion of the population with blood pressure above both JNC 7 and
JNC 8 treatment thresholds. Despite the substantial potential for CKD prevention estimated
from population based interventions, only clinically oriented strategies that target ‘high risk’
populations whose blood pressure is elevated above goal are now being implemented
systematically, and on a large scale.®*® An exclusive reliance on the high risk strategy
focused on individuals whose blood pressure is above a treatment goal leaves a large subset
of the population with prehypertension or high normal blood pressure without intervention,
and at increased risk of disease. The persistently high levels of antihypertensive treatment

combined with suboptimal control of blood pressure levels among those treated, makes an
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exclusive focus on this population insufficient to reduce the burden of disease associated
with the levels of blood pressure that characterize most contemporaneous populations.?4332
The considerable potential benefits in reducing the burden of kidney failure, and associated
DALYs, through population-wide reductions of blood pressure that are of modest magnitude
as shown by our results are demonstrably attainable through modification of lifestyle or
health-related behaviors.2% Population strategies for blood pressure reduction and the
primordial prevention of blood pressure elevation should thus be explored for their potential
role in strategies used to reduce the population burden of CKD and kidney failure.

While a greater reduction in incident CKD events compared to incident kidney failure
was generally predicted by both blood pressure intervention approaches considered , much of
the kidney disease literature has historically been devoted to disease management among the
kidney failure population with only recent efforts addressing moderate stages of CKD and
CKD progression. The substantial burden of disease and disability associated with Kidney
failure support the high proportion of resources and awareness allocated to this debilitating
disease.®® Yet modest efforts oriented to the investigation of CKD prevention seems
incongruent with the larger burden of incident CKD that could be prevented through
reduction of blood pressure in the in the population. Greater scientific awareness of the
potential benefits of blood pressure interventions on the development of CKD could increase
the examination of risk factor prevention to favorably influence the rates of CKD incidence.

Considerably greater benefits from blood pressure reduction strategies were estimated
for African Americans compared to white Americans with kidney failure as the outcome of
interest compared to incident CKD. For example, after adjustment for antihypertensive use,

gender, diabetes and age, a 2 mmHg decrement in SBP across the total population was
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associated with fairly similar estimated event reductions for incident CKD in African
American and white American participants (23.5 and 26.8 fewer incident CKD events
reduced per 100,000 PY respectively). In contrast, African Americans would have twice the
reduction in the number of kidney failure events compared to white Americans as a result of
the same intervention (20.1 and 9.3 fewer incident kidney failure events per 100,000 PY in
African Americans and white Americans, respectively). This greater benefit for kidney
failure prevention among African Americans is amplified when assessing a high risk
approach to blood pressure reduction. A 10% proportional decrease in the population with
blood pressure above JNC 7 treatment goal was estimated to reduce almost twice the number
of CKD events among African Americans compared to white Americans (16.1 and 7.8 fewer
incident CKD events per 100,000 PY), and approximately five times fewer incident kidney
failure events in African Americans compared to white Americans (12.5 and 2.5 fewer
incident KF events per 100,000 PY). Reflecting the rapid rate of kidney decline and the
higher risk of ESRD attributed to hypertension in African Americans compared to age
matched white Americans'“>!# this increased benefit of kidney failure prevention through
intentional blood pressure modification could increase health equity in a population
disproportionately burdened with kidney failure and its associated disability.

As expected, classification of blood pressure above goal defined with the lower SBP
thresholds recommended by JNC 7 compared to JNC 8 categorized a larger number of
participants as having blood pressure above goal, thus establishing a larger target population
for interventions aimed at reducing blood pressure. Though examination of the estimated
incidence rate difference showed only modest gains in potential events reduced by

implementation of interventions following JNC 7 guidelines compared to JNC 8,
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extrapolation to U.S. population highlights the magnitude of CKD and kidney failure
prevention achievable using the former guidelines. A 10% proportional reduction in blood
pressure above goal using JNC 7 guidelines was estimated to prevent approximately an
additional 1,182 and 375 incident CKD and kidney failure events annually compared to a
10% proportional reduction in JINC 8 defined blood pressure above. A threshold of 140/90
mmHg supported by the JNC 7 guideline is reasonably considered safe and effective for the
generally population at risk for CKD, though guidelines are continuously evolving.*>?! In
terms of CKD preventions, modest reductions in the population with blood pressure above
goal defined by JNC 7 offers the greatest benefit among those at increased risk compared to

JNC 8.

6.3 Strengths

The ARIC cohort consists of a large sample of African American and white American
individuals middle-aged at intake in 1987-1989, with standardized measurement of blood
pressure and relevant risk factors for CKD at baseline. With a sample size of 15,744
participants and an extensive follow-up (approximately 20 years), the ARIC study enabled
the ascertainment of a substantial number of incident events; specifically, 3,852 incident
CKD events and 954 kidney failure events were ascertained. Events were ascertained from a
variety of sources including creatinine measurements at ARIC study visits, linkage to the
USRDS registry for identification of treated ESRD, and surveillance of death or hospital
records for identification of ICD-9 or ICD-10 discharge coding for CKD or kidney failure in
any position. The use of both USRDS and cohort or surveillance allowed for the

ascertainment of kidney failure and CKD events that are untreated or censored prior to
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treatment initiation, permitting the inclusion of outcomes that are often under-reported in the

literature. Despite these strengths, several limitations of the available data should be noted.

6.4 Limitations
6.4.1 Limited assessment of eGFR and CKD staging

ARIC study visits one through four occurred every three years, with a fifth visit
subsequently occurring about 15 years after the conclusion of the fourth. Although five
ARIC visits were completed and accessible for this analysis, creatinine was not measured at
visit three. The 6- and 15- year gaps in creatinine measurements between visits 2 and 4 and
visits 4 and 5 may increase the likelihood of missed events. Ascertainment of events using
the USRDS registry and medical records served as an additional avenue for event
identification however, although events ascertained using the latter method provided little
covariate or eGFR specific data at the time of event identification. For example, stage
specific CKD discharge coding only became available in the early 2000s. Older coding
practices that provide no patient-specific eGFR levels at time of hospitalization or stage-
specific coding have proved inadequate. As a further limitation, the stage of CKD at time of
diagnosis is unknown for cases identified through hospitalization.%3%

The KDIQO recommended definition of CKD includes a repeated measure of eGFR
after 3 months to confirm chronicity of disease.” While confirmatory tests were not done in
this cohort, the definition of CKD used in the this analysis included a 25% decline in eGFR
from baseline allowing for verification a meaningful decline in eGFR over time.
Confirmation of 25% decline in eGFR and thus chronicity of disease was not available for

cases identified through hospital records.
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The long duration of follow up is a major strength of this analysis but also contributes
an important weakness. In conjunction with the normal number of glomeruli deteriorating
with advancing age GFR gradually declines by approximately 1 mL/min/y/1.73 m? annually,
falling to an average of 70 mL/min/1.73 m2 by 70 years of age. Participants with advanced
age in the later ARIC visits may be classified as incident CKD based on eGFR values that
reflect relatively normal eGFR decline in older age. The contribution of older participants
with higher Stage 3 eGFR values to the number of incident CKD cases was not evaluated.
Outcomes of Incident CKD and Disability Associated with Incident CKD

This doctoral work originally aimed to investigate the benefits of blood pressure
reduction strategies on the burden of DALY s associated with incident CKD, but limitations
of our data prevented the estimation of several components of the YLL statistic. Chief
among these restrictions was the limited information available to determine staging of cases
of CKD at identification, as mentioned above for cases identified via hospital or death
records (n=2,057). Quantifying the number of incidence cases of CKD by stage was critical
to the calculation of YLL as the value assigned to the disability associated with CKD varies
by stage and anemia status. As described in section 4.4, disability weights for CKD ranged
from 0.004 for stage 3 CKD with mild anemia to 0.237 for stage 4 CKD with severe anemia
and 0.569 for stage 5 CKD with no treatment.33®* Hemoglobin measurements needed to assess
anemia status and apply the appropriate disability weight within stage of CKD was not
available at all ARIC visits on the full cohort, resulting in a large number of observations
with missing anemia classification. The underutilization and lack of specificity of ICD 9/10
codes for anemia precluded the use of medical records for determining anemia status of

ARIC cohort members. Although multiple imputation or anemia prevalence estimates for
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external sources could have been used as surrogates for missing data, lack of CKD staging in
approximately half of incident CKD events devalued the usefulness of defining anemia as
both measures were needed for assigning the relevant disability weight. Duration of time
expended in each stage of disease was also unavailable. With no usable measures of the
components required to calculate YLL for incident CKD, the disability burden described by

aim 2 was restricted to kidney failure assessment.

6.4.2 Interval censoring

Interval censored of event times frequently occurs in longitudinal studies in which
covariates and outcomes are only measured periodically at scheduled visits.>*"358 With
episodic assessments the exact time of onset for the outcome of interest is not detected but is
known to occur in the time interval between the last disease free assessment and the first
observation that indicates disease.®®’ In the ARIC study measurements of creatinine used to
assess CKD status were only collected at visits, 1 and 2 (3 year interval), visit 4 (6 year
interval between visits 2 and 4) and visit 5 (15 year interval between visits 4 and 5). In an
individual with an eGFR > 60 mL/min/1.73 m? at visit 2 and an eGFR that has fallen below
60 mL/min/1.73 m? measured visit 4, the onset of CKD transpired at some point between
these exam visits, although the precise time of onset is unknown. Although timing of some
outcomes such as death or renal replacement was ascertained from death or hospital records,
the precise time of occurrence for CKD events is rarely exactly measured by record sources
given that medical encounters infrequently coincide with a decline in eGFR to a specific
threshold. 3>

Given the large censoring intervals in the ARIC cohort’s consecutive eGFR

measurements, it is probable that the recorded timing of CKD onset in our study is not
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consistent with the actual onset of disease, and interval censoring should ideally be accounted
for in this analysis.>*® We developed a maximum likelihood approach to estimate the
incidence rate difference incorporating an adjustment for interval censoring (Appendix 3).
While this approach was computationally sound, it failed to make proper use of the available
eGFR measurements in the ARIC study. Next, we explored the use of piecewise linear
equations to plot the available eGFR measurements and reverse calculated the time point at
which participants likely crossed the eGFR threshold used to classify incident CKD
(Appendix 3)%%%. Due to uneven follow-up time the knots used to calculate individual
piecewise linear equations had to be participant specific given that visit dates for each
participant varied, an issue that was further complicated by missing eGFR measurements on
some participants. Lastly, we used mixed models to overcome concerns regarding unequally
spaced time intervals between measurements, unequal number of measurements per
participant, and reliance on individual eGFR trajectories. Despite these strengths our mixed
models estimated up to 45% of African Americans and 36% of white Americans to have
follow-up times that were longer than the follow-up time recorded by the ARIC study
(Appendix 3).

Two popular and simpler approaches for assigning event times when the exact time of
onset is interval censored are right imputation and midpoint imputation.®®? Right imputation
would simply assign the time CKD was identified in the ARIC study as the time of CKD
onset; this method has been commonly used in CKD analyses. When the interval between
two consecutive measurements is narrow or censoring is minimal, imputation using the time
of measurement as the event time may be sufficiently similar to the exact onset times.

However, when interval censoring is disregarded or treated as exact times using longer
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censored intervals, imputations using measurement times can create a sample that is not
representative of the study population and introduce considerable bias to parameter estimates,
potentially resulting in incorrect conclusion and inference errors regarding the effect of
covariates on onset time.>*%3%3 Midpoint imputation accounts for the notion that actual onset
of disease occurs in the interval bounded by measurement collections by assigning the
average or midpoint of the censored interval as the event time. Midpoint imputation is
therefore dependent on the amount of time between outcome measurements, which for CKD
in the ARIC study ranges from 3 to 15 years. Uneven intervals bounding the onset times in
our study would lead to varied assignment of midpoint event times depending on the visits at
which the onset of CKD was identified. Imputing exact onset times from the interval
midpoint is arbitrary and has been shown to underestimate the variance by failing to account
for the inherent uncertainty regarding the exact time of declines in eGFR below <60
mL/min/1.73 m2. 34 Although interval censoring frequently occurs in studies of CKD
incidence and progression, interval censoring is rarely acknowledged in analysis techniques
employed in these studies or the above mentioned basic imputation methods are used to
account for censored intervals.3%°

Due to the limitations in using the maximum likelihood, piecewise linear, mixed
effects modelling and midpoint imputation approaches for interval censoring noted above, we
used right imputation to define onset of incident CKD and kidney failure. Using right
imputation to assign CKD onset times would generally underestimate incidence rates. To
examine the sensitivity of our incidence rate difference estimates to interval censored
outcome times for both the population-wide and targeted blood pressure above goal reduction

strategies, we applied follow-up time reductions of 1, 1.5, and 2 years among incident CKD
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cases identified at ARIC visits to estimate the impact of event times occurring prior to
identification at an ARIC visit. Sensitivity analyses to determine the degree to which length
of follow-up time influences the potential reduction in incident CKD indicated less than 1
additional preventable event for up to 2 years of decreased follow up time among cases

identified at ARIC study visits (Appendix 1, supplemental table 1).

6.5 Public Health Implications and Future Directions

Physical activity, weight reduction, and sodium restriction have been shown to favorably
alter several of the known risk factors for CVD and CKD, including hypertension,
dyslipidemia, obesity, and diabetes and to decrease the risk for CVD.?643% |t could be
assumed that trials of blood pressure reduction through lifestyle modifications for CVD
prevention would extend to CKD, yet the literature lacks direct studies of this renal outcome.
A trial with sufficient statistical power to detect reductions in the initial development of CKD
in the general population would require large sample size and budget, and is unlikely to be
funded.®® Few RCTs have been designed and conducted specifically to examine population
wide blood pressure interventions such as sodium reduction and CKD, likely due to the
practical considerations, unjustifiable expense and the questions of equipoise given the high
quality of information on the benefits of salt reduction and CVD.?®® A trial of sodium
reduction in the general population with an outcome of CKD may be considered unnecessary
for the purposes of supporting sodium reduction policies given the strength of the existing
evidence of risk associated of elevated blood pressure and CVD with excess sodium
intake.33433% The literature on blood pressure intervention on CKD as an outcome is
populated largely by studies assessing the benefits of a new antihypertensive medication on

CKD progression or kidney failure, given the much shorter time frame needed to ascertain
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late stage outcomes among those with reduce kidney function compared to the general
population. Blood pressure reduction by pharmacologic intervention for incident CKD
prevention among hypertensives is likewise rarely formally assessed in randomized clinical

trials.

Even contemporary projections of the effects of reductions in sodium on relevant
outcomes have been limited to specific cardiovascular events.*® For example, a reduction in
population-wide sodium intake of 1200 mg/dL, achievable by reducing sodium used in food
production, was estimated to annually reduce coronary heart disease by 60,000 to 120,000,
stroke events by 32,000 to 66,000, myocardial infarctions by 54,000 to 99,000, and deaths by
44,000 to 92,000. Annual savings of 194,000 to 392,000 quality-adjusted life-years and
$10 to $24 billion in healthcare costs were also estimated from reductions in CVD. The
exclusion of CKD from these estimates represents a missed opportunity to address the full
benefits of sodium reduction at the population level and contribute information to inform
national policy on this issue.

The current incomplete characterization of the effects of pressure reduction through
lifestyle modification on incident CKD by large, high quality randomized controlled trials
and global projections highlight the public health importance of our results. Experimental
proof of benefits on the incidence of CKD from lifestyle-based population intervention
desirable, but lacking. Estimation of the predicted effects of hypothetical interventions on
incident CKD events that would follow reduction is blood pressure of small magnitude can
bring awareness to both the substantial health benefits of lifestyle modification and to the
prevention of CKD as opposed to an exclusive reliance on disease management. Blood

pressure approaches that reduce the incidence of CKD would likely also have beneficial
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effects on cardiovascular morbidity and ultimately the risk of mortality. Preventing the
development of CKD would also reduce the risk of subsequently developing kidney failure.
In this work we estimated the number incident CKD events that are reduced by attainable
blood pressure decrements. Additional analyses to explore the implications of a prevented
CKD event on downstream health events are warranted to describe the potential gains to be
achieved through prevention of disease.

If the controversy currently surrounding blood pressure treatment goals results in
altered guidelines, lower blood pressure treatment thresholds would magnify the scope of
targeted intervention and reasonably result in increased prevention of CKD events. Whether
lower treatment thresholds would result in treatment initiation at lower blood pressure values
is unknown. Our estimates suggest that to maximize CKD prevention, JNC 7
recommendations of healthy lifestyles modifications among those with prehypertension
supported by clinical and public health efforts should be expanded to all populations
regardless of blood pressure levels. Such efforts could prevent the development of
established hypertension and its sequela of a spectrum of adverse health outcomes that
extend beyond the scope of estimates presented herein.

We consider the two types of intervention presented in this report to be compatible,
and likely complementary. Our goal in presenting the superiority of population-wide
approaches to blood pressure management in reducing the burden of CKD is not to intended
to support recommendations favoring one preventive strategy over the other, but rather to
emphasize the neglected opportunity to expand the target population beyond those at high
risk. An exclusive reliance on the high risk strategy is inadequate for maximizing the yield of

preventative action. To support the addition of population-wide strategies to current public
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health efforts, cost analyses of each strategy for prevention of an event must be considered.
Targeting those at high-risk is known to be cost-effective for disease prevention on grounds
of logistics, feasibility and efficacy of interventions. Its efficacy in reducing the population
burden of the blood pressure-related disease is limited, however. Characterizing the benefits
and costs associated population-wide, lifestyle-based interventions for blood pressure

reduction is a compelling next step that should be explored in future work.
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APPENDIX 1: MANUSCRIPT 1 SUPPLEMENTAL TABLES

Supplemental Table 1: Incident CKD events reduced annually from two population-wide

hypothetical blood pressure reduction interventions accounting for 1, 1.5 or 2 years of
interval censored follow up time, by race, 2010 US census population age 45-64

Incident CKD events reduced* per 100,000 PYs (95% CI) by

Interventions achieving reductions in BP

Blood pressure intervention

African Americans

White Americans

Follow up time recorded in the ARIC cohort

1 mmHg decrease

11.7 (6.2-17.3)

13.42 (10.3-16.6)

2 mmHg decrease

235 (12.3-34.6)

26.8 (20.6-33.1)

1-year adjustment for

interval censoring

1 mmHg decrease

11.9 (6.2-17.5)

13.6 (10.4-16.8)

2 mmHg decrease

23.8 (12.4-35.1)

27.2 (20.8-33.5)

1.5 year adjustment for interval censoring

1 mmHg decrease

12.0 (6.3-17.7)

13.7 (10.5-16.9)

2 mmHg decrease

23.9 (12.5-35.3)

27.3 (20.9-33.7)

2.0 year adjustment for

interval censoring

1 mmHg decrease

12.0 (6.3-17.8)

13.7 (10.5-17.0)

2 mmHg decrease

24.0 (12.6-35.5)

275 (21.0-33.9)
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Supplemental Table 2: Estimated incident CKD events reduced from a hypothetical
intervention that achieves a 5, 10 or 20% reduction of unaware, untreated or uncontrolled
blood pressure above JNC 8 goals, by race (N=15,390), 1987-2011, ARIC Study.

Incident CKD events reduced™ per 100,000 PY's (95% CI) by interventions
achieving reductions in BP above goal

5% proportional reduction

10% proportional reduction

20% proportional reduction

Blood
pressure African White African White African White
category American American American American American American
Hypothetical intervention to reduce blood pressure above JNC 8 treatment threshold
Unaware 1.4 (0.8-2.1) 1.2 (0.9-1.6) 2.7 (1.6-4.2) 2.5 (1.8-3.3) 5.4 (3.2-8.4) 4.9 (3.5-6.5)
Untreated 1.2 (0.7-1.9) 0.3(0.2-0.3) 2.4 (1.4-3.7) 0.5 (0.4-0.7) 4.8 (2.8-7.4) 1.03 (0.7-1.4)
Uncontrolled | 2.5(15-38) | 0.7(05-10) | 49 (29-7.6) 15(1.0-1.9) | 98 (58-153) | 2.9(2.1-39)
Hypothetical intervention to reduce blood pressure above JNC 7 treatment threshold
Unaware 1.6 (1.0-2.4) | 1.6(1.1-2.0) 3.2(2.0-4.9) 3.1(2.3-4.1) 6.4 (4.0-9.7) 6.2 (4.5-8.1)
Untreated 1.4(0.9-2.1) | 0.3(0.2-0.4) 2.8(1.8-4.3) 0.7 (0.5-0.9) 5.6 (3.5-8.5) 1.3(0.9-1.7)
Uncontrolled | 2.9 (1.8-4.4) | 0.9(0.7-1.2) 5.8 (3.6-8.8) 19(1324) | 116(72-17.6) | 3.7(2.7-48)

*Events reduced calculated as IRD;jy * (proportion; — proportiony,), where i, j, and k index race, gender, and 5 year
age categories, proportion is the race-specific proportion of blood pressure above goal pre- (I subscript) and post (m
subscript)- intervention, per 100,000 person years
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APPENDIX 2: MANUSCRIPT 2 SUPPLEMENTAL TABLES

Supplemental Table 1: Estimated incident kidney failure events reduced from population-
wide intervention that achieves a 1-2 mmHg decrement in SBP, or targeted intervention that
achieves a 10% reduction of unaware, untreated or uncontrolled blood pressure above goals,
by race (N=15,744), 1987-2011, ARIC Study.

Incident KF events reduced*

per 100,000 PYs (95% CI) by
Interventions achieving reductions in BP
Blood pressure intervention African Americans White Americans

Hypothetical population-wide intervention to decrease SBP

1 mmHg decrease 10.5 (6.2-13.9) 4.6 (3.0-6.3)
2 mmHg decrease 20.1 (12.4-27.8) 9.3 (6.0-12.5)
Hypothetical intervention to reduce blood pressure (above JNC 8 treatment threshold)
10% decrease in unaware 2.0 (1.2-3.0) 0.9 (0.5-1.3)
10% decrease in untreated 1.8 (1.0-2.6) 0.2 (0.1-0.3)
10% decrease in uncontrolled 3.7(2.1-5.4) 0.5 (0.3-0.8)
10% decrease in all BP above 10.2 (5.8-15.0) 2.2 (1.2-3.3)
goal
Hypothetical intervention to reduce blood pressure (above JNC 7 treatment threshold)
10% decrease in unaware 2.5(1.6-3.5) 1.0 (0.5-1.5)
10% decrease in untreated 2.2(1.4-3.1) 0.2 (0.1-0.3)
10% decrease in uncontrolled 4,5 (2.8-6.4) 0.6 (0.3-0.9)
10% decrease in all BP above 12.5 (7.8-17.6) 2.5(1.3-3.7)
goal
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Figure 1: Incidence rate differences or estimated number of events reduced for kidney
failure per 100,000 person-years associated with 1 mmHg reduction in systolic blood
pressure population-wide (circle), 10% proportional reductions in unaware (diamond),
untreated (squares), or uncontrolled (triangles) blood pressure above JNC 8 and JNC 7
treatment goal in African American (black symbols) and white American (white symbols)
ARIC participants, 1987-2011
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APPENDIX 3: INTERVAL CENSORING

1 Method

Consider a follow-up study with n independent subjects. For each subject 7, we observe
that the survival time of interest T is in (L,, R;), where L, = 0 indicates left-censoring,
and R, = oo indicates right-censoring. We assume that the hazard funetion of the survival
time 7 at time ¢ is from the additive hazards model with

M(t|Zi(s),s < t) = A(t) + BT Z(2),
where Z,(t) is a set of time-dependent covariates. The observed data likelihood is

@y = T1 (1-ew|- /OR'{x(z)sz'(t)}dz])R‘l_Imm - /0'" (0 + 5770}

Li=0

L (v [ o]
- I [t e {-am) -7 [ 20} I e {-aiz " [ aiwa)
« 4L [ {057 [ arie} - oxn {-acmy - 57 [ 20|
= Ll.-ID [1 B erp{—A(Ri) - 5T/:' Z,:t)dt}] R‘I:Imcxp {-A(L,) g /: z,(twi
31 (oxe {-atz0 -7 [ 2oy} |1 - exo { ML) - AcRY - 57 [ zitir}])

If we assume that the baseline hazards function is piecewise linear, ie.,
K
Alt) = Z’\h!(tb-l <t<ty)
=1
for0=tg <ty <--- <ty =00, then

K
A(R) =" Xel(t > ty_y){minz, ta) — te 1}
-1

Consider a logistic regression model with log link function and no intercept
log{P(¥, = 1)} = X"a,

1
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where Y, is the binary outcome, X, is a vector of covariates, and a is the vector of
regression coefficients. Then, the likelihood is of the form
TT fexn(XTa)}" ™ {1 - exp(XTa)}' "~
=1
We ecan artificially transform the problem of additive hazards model with interval-
censored data with time-varving covariates as a logistic regression model with log link
function and no intercept. Specifically, we let the covariate in the logistie regression
model X = (X;, Xa) with X; = (Xy;,..., X1x) and X5 = (Xay,. .., Xaq), where d is the
dimension of Z.. The coefficient for X is equal to (A1,. .., Ax), while the coefficient for
Xa is equal to 8.

e For subject left-censored at Ry, we artificially generate one observation Yy = 0 with
Xie = —I(Re > tu_y){min( Ry, ti) — tu1} and Xo = — [ Zi(t)dt.

e For subject right-censored at L,. we artificially generate one observation Yy = 1
with Xy = —I(L, > ty_y){min(L,. t) — tx_1} and Xo = — [ Z,(t)de.

e For subject with L, # 0 and R, # oo, we artificially generate two observations

— Ya =1 with Xue = —(Le > ta_1){min{Ly, ta) — te_1} and Xa = — [;* Z,(t)dt.

— Yo = 0with Xy = I(L, > tie_y ){min(Ly, ta)—te_1}—1(Rs > ti_y}{min(R,, tx)—
tu_1} and Xp = — [ Z,(t)dt.

The corresponding likelihood for the logistic regression model of Yy (i = 1,... ,n.k =
1, 2) with log link function and no intercept is exactly the same as the likelihood of additive
hazard model for interval-censored data with time-varying covariates. Therefore, we can

obtain the estimate for a = (Ay,.... Ak, B) using proe genmod in SAS.

2
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2 Simulation

We generate a sequence of examination times Uy..... Uy, where Uy ~ Unif(0,1) and

Ugsy = U + Unif(0, 1) for k = 1,...,4. We generate a change point V' ~ Unif(0. 5), and
the covariate Z(t) = ByI(t < V)+Byl(t > V) with B, and B; independent Bernoulli(0.5)
random variables. We assume the baseline hazard function A(f) =1 and 8 = 0.5.

Table 1 shows the parameter estimates for the additive hazards model with K = 5,

where the cutpoints ty, . .. ,t4 are chosen such that there are approximately equal numbers

of observation times in the intervals.

Table 1: Parameter estimates for the simmlated dataset
Parameter Estimate Std. Error p-value

M
Az
A3
A4
Ay
8

0.933
0.938
0.784
0.785
0.994
0.621

0.126
0.342
0.467
0.194
0.178
0.119

< 0.0001
0.006
0.093

< 0.0001

< 0.0001

< 0.0001
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Piecewise linear regression

The traditional paradigm of research on CKD development and progression has
commonly employed linear regression models to approximate eGFR declines.®¢6:367
Assuming linearity in models of eGFR opportunely allows the slope to be interpreted
clinically and academically as a rate of decline and used to estimate the timing of a patient’s
progression to more severe stages of CKD.%%6:387 Although linearly has been shown in some
studies to be consistent with the existing data, most studies using eGFR measurements have
been limited to follow up times of less than 5 years and have collected few eGFR
measurements per participant giving rise to both biological and measurement
variability.%:3%7 The assumption of linearity has not been well validated. In fact, studies
have shown that eGFR trajectories in many individuals deviates from linearity with periods
of accelerated or decelerated eGFR decline;3¢-3 this evidence supports the use of a more
complex model that intuitively allows slope to change over time as the exposures and risk
factor profiles of patients changes.

Continuous piecewise linear regression is a regression model that permits multiple linear
relationships and slopes to occur between the response variable (y) and the explanatory
variable (x) over a range of x values.*® In this case, follow up time can be divided into
segments to allow a separate linear regression to be fitted for each interval of time. Given
that eGFR measurements only occur at ARIC visits 1, 2, 4 and 5, the breakpoints or knots for

partitioning intervals of time will occur at visits 2 and 4. Using two knots, our piecewise

linear regression for participants attending all four ARIC visits will have three separate
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regressions and corresponding slopes allowing for more variability in eGFR changes over
time than would a linear model (sample plot).

Calculating piecewise linear regressions will allow for determining the date of
development for CKD during the censored time interval by facilitating calculation of the time
point at which eGFR crosses the threshold for CKD classification. Our piecewise linear

functions will be constructed as:

E(ylx) = Bo + Bix + Bo(x —x)1a + PB3(x — xp)
Where:

e yisthe estimated glomerular filtration rate in (Units)
e Xawill represent the value of x at the first knot (a represents visit 2 at ~3 years)
e Xp Will represent the value of x at the second knot (b represents visit 4 at ~9 years)
e lais an indicator variable equal to 1 if x>3
0 otherwise
e Iy isanindicator variable equal to 1 if x>9

0 otherwise

For values of x less than a (ARIC visit 2), the mean function will be

E(ylx) = Bo + B
For values of x greater than a but less than b, the mean function becomes

E(ylx) = (Bo = Bzxa) + (B1 + B2)

For values of x greater than b (visit 4), the mean function becomes,E (y|x) = (B, —

B2 xa—B3xp) + (B1+ B2+ B3)x
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Mixed effects model

To approximate the time at which an individual was likely to have crossed the eGFR
threshold necessary to define CKD we used a linear mixed effects model. A mixed effects
model utilizes both random and fixed effects in the model with random effects thus allowing
for the characterization of all individual trajectories. A major advantage of linear mixed
effects models are that they do not require equally spaced time intervals between
measurements nor the same number of measurements per participant®°. As a result all
available information is used in the estimation process, including patients who have only one
available measurement of the outcome. This optimal use of information allows more

accurate estimates of the effects of risk factors on the trajectory.
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