COMPARATIVE SAFETY OF INTRAVENOUS IRON TREATMENT PROTOCOLS IN
HEMODIALYSIS PATIENTS: CAUSAL INFERENCE WITH DYNAMIC TREATMENT
REGIMES

Xiaojuan Li

A dissertation submitted to the faculty at the University of North Carolina at Chapel Hill in
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the Department
of Epidemiology.

Chapel Hill
2017

Approved by:
M. Alan Brookhart

Stephen R. Cole
Abhijit V. Kshirsagar
Til Stirmer

Jason Fine



© 2017
Xiaojuan Li
ALL RIGHTS RESERVED



ABSTRACT
Xiaojuan Li: Comparative Effectiveness of Intravenous Iron Treatment Protocols in

Hemodialysis Patients: Causal Inference with Dynamic Treatment Regimes
(Under the direction of M. Alan Brookhart)

Decisions regarding intravenous iron treatment follow dosing protocols for anemia
management of hemodialysis patients. These protocols are a type of dynamic treatment regimes,
consisted of a set of decision rules with iron status values - transferrin saturation and ferritin -
and corresponding iron dosing patterns. Multiple protocols exist in clinical practice, but their
comparative safety is unknown.

Using clinical data from a large US dialysis provider linked to healthcare utilization data
from United States Renal Data System (2004-2012), our objectives were to (1) develop an
approach to identify intravenous iron dosing protocols that were commonly used, and (2)
evaluate the comparative safety of continuous exposure to commonly used protocols.

The identification approach classified intravenous iron dosing protocols at measurements
of iron status tests, where decisions regarding iron treatment occur in clinical practice. Using
current test levels and iron treatment experience in a two-week assessment window, candidate
protocols were assigned to a patient if they were consistent with treatment experience in the
assessment window. Among 43,166 patients who initiated hemodialysis in 2004-2012, 79.1% of

them were matched with candidate protocols. The prevalence of protocol matches increased from



75.0% in 2004 to 90.7% in 2012. Higher prevalence of knowingly implemented protocols
confirmed the performance of this identification approach.

In the comparative safety analyses, we estimated the effect of continuous exposure to the
five most commonly initiated protocols in 2009-2012 on risks of mortality and infection-related
events. Two less commonly initiated protocols were more aggressive, recommending a large
amount of iron at higher iron status levels; their initiators were sicker at baseline. Compared with
one commonly initiated and less intensive protocol, these two protocols were at elevated
mortality risk (120-day risk differences (95% confidence interval): 1.5% (0.1, 3.1%), 3.1% (1.0,
5.6%)). The magnitude of elevated risk increased with the aggressiveness of the protocols. We
observed similar trends in elevated risks for infection-related events among more aggressive
protocols.

Protocols that recommend less intensive use of iron at high levels of iron status tests may
lower risks of mortality and infection-related events, but further exploration is needed to address

potential residual confounding and selection bias.
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CHAPTER 1: STATEMENT OF SPECIFIC AIMS

Anemia, a common complication of end-stage renal disease (ESRD),! is associated with
elevated morbidity, mortality, and healthcare costs.! A primary cause of anemia in ESRD is iron
deficiency, particularly among patients requiring hemodialysis (HD). Iron deficiency can be
classified into absolute iron deficiency and functional iron deficiency; their causes are
multifactorial.> Absolute iron deficiency, or depleted iron stores, is frequently a result of blood
loss, reduced intake, and impaired intestinal absorption of dietary iron.® Functional iron
deficiency, or insufficient iron availability at the site of erythropoiesis despite adequate iron
stores, can be caused by chronic inflammation associated with ESRD or elevated hepcidin
levels.® Overall, HD patients lose an average of 1 to 2 g of iron per year, and some as much as 4
to 5 g per year.* Management of iron deficiency to meet the need for erythropoiesis is thus
essential for optimal management of anemia in ESRD patients.

Intravenous (V) iron is an effective way to supplement iron and optimize erythropoiesis.
Existing randomized controlled trials (RCTs) showed that supplementing erythropoiesis-
stimulating agent (ESA) therapy with IV iron increases hemoglobin production and lowers ESA
requirement.>® Consequently, co-administration of ESAs and IV iron has become the primary
management strategy for anemia in HD patients.* Subsequent to emerging evidence on the
cardiovascular (CV) safety of ESAs’® and changes in the reimbursement policies in Medicare’s
ESRD programs,? the reliance on IV iron has increased, leading to reduction in ESA use and in

potential risk of ESA-related adverse events.'*12 International guidelines correspondingly



recommended a wider use of iron.*31¢ Altogether, these events led to significant, albeit transient,
changes in clinical practice in recent years. Mean IV iron dose increased sharply from 210 mg
per month in 2009-2010 to 280 mg per month in 2011, then back to a stable 200 mg per month in
2012-2013.1"1 During this time period, about 40% of HD patients had ferritin levels greater
than 800 ng/mL.%" The persistently high levels of ferritin raised concerns about the safety of 1V
iron administration in HD patients.

In contemporary clinical practice, IV iron is either provided intermittently via large doses
over consecutive dialysis sessions (often termed “bolus dosing”) or via small doses provided
every one to two weeks to maintain iron stores (often termed “maintenance dosing”). Decisions
regarding when to use each dosing approach follow certain protocols adopted by dialysis clinics.
A variety of dosing protocols exist in clinical practice, and they differ with respect to target
levels of iron status parameters and dosing approach recommendations. %2

Several existing studies consistently demonstrated short-term benefits of bolus iron
administration on hemoglobin levels and iron status compared to maintenance dosing.®?? No
difference in CV risks was associated with either dosing approach;?*?* however, a modestly
increased risk of infection was associated with bolus dosing among patients with a history of
infection and those with a central venous HD catheter.?#? A recent observational study has
reported an association between lower mortality risk and maintenance strategy relative to non-
maintenance strategies.?

Compared to short-term effects, less is known about the long-term safety and
effectiveness of different iron treatment protocols. Clinical trials assessing the long-term use of
iron administration strategies are lacking; existing large observational studies have focused on

the effect of cumulative iron exposure over a long period, which were not large enough to



resolve clinically meaningful effects of iron exposure on infection outcomes.?°2’ The cumulative
exposures do not align well with the treatment decisions that a physician needs to make
regarding iron use in routine care.?

Given the increased use of IV iron and data suggesting some risk, evaluating the long-
term safety of different 1V iron dosing protocols is the overall goal of this thesis. This
dissertation has two primary aims:

1) Characterize 1V iron treatment protocols in routine use among ESRD patients

undergoing chronic hemodialysis; and

2) Evaluate the comparative safety of continuous exposure to different commonly used

IV iron treatment protocols.



CHAPTER 2: REVIEW OF THE LITERATURE

2.1 Overview of ESRD

ESRD is the last stage of chronic kidney disease (CKD) where the renal function falls
below 15% of normal. The kidneys can no longer support the body’s needs by adequately
removing nitrogenous waste or excess fluid from the body. Renal replacement therapy, such as
dialysis or kidney transplantation, is necessary for survival. ESRD is a syndrome characterized
by hypertension, anemia, renal/metabolic bone disease, nutritional impairment, neuropathy,
impaired quality of life, and reduced life expectancy.

As of 2012, 636,905 patients were receiving treatment for ESRD in the US, an increase
of 1.3% in prevalence from 2011.2° Although slowing down, prevalent ESRD population
continues to grow, and the counts are expected to reach 774,386 in 2020.>° The incidence of
ESRD cases has been slowly decreasing since 2006 with 359 new cases per million population
after adjusting for age, sex, and race. This rate is still 11 cases above the targeted rate of Healthy
People 2020.2° As shown in Table 2.1, the rate of incident ESRD is high among nonwhites, men
or older people. The incidence rates are almost as three times among Blacks/Africans and Native
Hawaiians/Pacific Islanders compared to Whites and Asians. Hispanics also have higher
incidence rate than non-Hispanics. Males have a rate 59% higher than females, and this
difference has increased by 17% from 2001. The incidence rate increases with age and varies
dramatically by geographic region. The highest rates are in the South and Mississippi River

valleys while the lowest rates are in the Northwest, New England, and some Rocky Mountain



states with the largest difference of 170 cases per million/year between ESRD Network 1
(Maine, New Hampshire, and Rhode Island) and Network 14 (Texas).?°

Four primary causes of ESRD are diabetes, hypertension, glomerulonephritis, and cystic
kidney disease. Most cases of ESRD are caused by diabetes or hypertension; their incidences had
been increasing rapidly since 1980 but have been decreasing from 2010 to 2012.2° The number
of cases with glomerulonephritis as the primary cause has declined since the 1990s while the
number of cases with cystic kidney disease as the primary cause has been stable over the period
from 1980 to 2012. New cases with diabetes have the highest rate among these four causes.

Patients with ESRD require renal replacement therapy, either through dialysis or kidney
transplantation. Dialysis is the mechanical process by which the blood is filtered to clean out
excess water, minerals, and other metabolism products. There are two types of dialysis,
hemodialysis (HD) and peritoneal dialysis (PD). HD is the most commonly used method to treat
kidney failure and the focus of this thesis. Out of the 114,813 new ESRD patients in 2012, 89%
started on HD, and 8% started on PD.% In the process of HD, a patient’s blood flows through
tubes into a dialyzer while a premixed dialysate solution flows into the dialyzer in the opposite
direction. In the dialyzer, excess water, minerals, and wastes diffuse across a semi-permeable
membrane that separates the blood and dialysate compartments. Cleaned blood then flows out of
the dialyzer back into the patient through another tube. This process recurs during a typical
dialysis session whereby blood volume several times greater than a patient’s innate amount flows
through the dialysis circuit. Patients undergoing HD receive dialysis at a dialysis clinic three
times a week generally, and each dialysis session lasts about three to four hours.

The morbidity rates in ESRD patients are high. Among HD patients in 2012,%° the

adjusted hospitalization rate was 1.73 admissions per patient year and 11.0 hospital days per



Table 2.1. Summary statistics on cases of ESRD in the US, by age, race, ethnicity, sex, and

primary diagnosis

Incidence Prevalence
Count % Adj. rate Count % Adj. rate
All 114,813 100 353.2 636,905 100 1,942.9
Unadjusted 358.6 1,968.2
Age
0-19 1,163 1.0 13.1 7,545 1.2 83.1
20-44 13,162 115 122.2 101,994 16.0 938.0
45-64 45,069 39.3 570.2 283,021 444 3,5650.1
65-74 27,933 24.3 1,270.1 140,238 22.0 6,301.8
75+ 27,486 23.9 1,618.4 104,107 16.3 6,261.1
Race
White 76,089 66.3 279.2 383,534 60.2 1,431.8
Black/African American 31,398 27.3 908.0 200,797 31.5 5,670.5
Native American 1,273 1.1 411.5 8,154 1.3 2,599.5
Asian 5840 5.1 378.9 35,878 5.6 2,271.8
Other 50 0 5860 0.9
Unknown 163 0.1 2,682 0.4
Hispanic 17,024 14.8 501.3 106,308 16.7 2,931.9
Non-Hispanic 97,789 85.2 3405 530,597 83.3 1,857.8
Gender
Male 65,842 57.3 446.0 363,497 57.1 2,396.7
Female 48,971 42.7 278.0 273,312 429 1,558.4
Unknown gender 96 0
Cause
Diabetes 50,534 44.0 154.3 239,837 37.7 731.0
Hypertension 32,610 28.4 101.1 159,049 25.0 489.4
Glomerulonephritis 9,115 7.9 28.3 106,012 16.6 325.8
Cystic kidney disease 2530 2.2 7.9 29,881 4.7 92.4
Urologic disease 538 0.5 1.6 7447 1.2 22.9
Other known 12,281 10.7 38.2 59,714 9.4 184.7
Unknown cause 3,506 3.1 10.8 25977 4.1 78.2
Missing cause 3,699 3.2 10.6 8,988 1.4 18.1

a. Rates are per million population. Rates by age are adjusted for race and sex. Rates by sex are adjusted for race
and age. Rates by race are adjusted for age and sex. Rates by disease group and total adjusted rates are adjusted for
age, sex, and race. Adjusted rates do not include patients with other or unknown race. b. Statistics shown are for
year 2012, adapted from Annual Data Report from the 2014 USRDS Annual Data Report On kidney disease. *°

year. Although the overall hospitalization rate and average length of stay continued to decline,

some cause-specific hospitalizations have been increasing. Among HD patients, hospitalization

due to infection has increased by 34% since 1993 while hospitalization for cardiovascular (CV)



events has decreased by 12.7%. Patients aged 20-44 or 75 and older, females, Whites,
Blacks/African Americans, and patients who have diabetes as their primary cause of ESRD have
a higher risk of hospitalization.?® For HD patients, the rate of rehospitalization is also high. In
2012, the overall all-cause rehospitalization rate was 35.2% while the CV- and infection-related
hospitalization rates were 36.2% and 32.9%, respectively.?®

Patients with ESRD are very ill, and their mortality rates are high. In 2012, the mortality
rate was 137.8 per 1,000 person years for all ESRD patients. Among HD patients, the mortality
rate was 168.5 per 1,000 person years. Patients who are older, male, or White have higher rates.
Mortality rates also increase with vintages in general, however, high rates also occur early in the
first year among HD patients, especially in the second month on dialysis (all-cause mortality:
421 per 1,000 patient years; CV mortality: 163 per 1,000 patient years; infection mortality: 35
per 1,000 patient years).2® Compared to the general population, patients with ESRD have lower
survival probabilities, and adjusted all-cause mortality rates are about 6.1 to 7.8 times higher.
After adjusting for age, sex, race, Hispanic ethnicity, and primary diagnosis, only 54.2% of HD
patients were alive 3 years after ESRD onset and 40.4% at 5 years after ESRD onset. They are
expected to live less than one-third as long as people with similar characteristics but no ESRD
(dialysis versus general population, 2010: 6.6 years versus 22.2 years).?°

The cost of ESRD is substantial. Although the total population of ESRD comprises less
than 1% of the total Medicare population, the cost of ESRD accounts for about 6% of Medicare
spending.?® In 2011, spending on HD patients accounts for about 85% of the total cost of ESRD
and averaged $88,000 per person per year.®! In 2012, the second full year under the expanded,
bundled Prospective Payment System (PPS), total spending increased by 3.5% from 2011 while

inpatient spending was similar to 2011.



2.2.  Anemia in the ESRD Population

Patients with advanced kidney diseases such as ESRD often are anemic.®? The incidence
of anemia increases as the GFR, a marker of kidney function, declines. Anemia, as defined by
WHO, refers to lower than normal hemoglobin concentrations, with different cut-off values in
different populations: below 13.0 g/dL in adult men and non-menstruating women, and below
12.0 g/dL in menstruating women.3

Factors contributing to anemia in the dialysis-dependent ESRD patients include (1)
insufficient erythropoietin (EPO) production, (2) blood loss and iron deficiency, (3) acute and
chronic inflammatory conditions, (4) severe hyperparathyroidism, (5) aluminum toxicity, (6)
folate deficiency, and (7) decreased survival of red blood cells (RBCs).>3* The kidneys produce
about 90% of circulating EPO, an essential stimulus for bone marrow production of RBCs. The
loss of EPO production in the setting of kidney failure is the primary mechanism responsible for
anemia in these patients.

Anemia has an adverse impact on health-related life as well as quality of life in ESRD
patients. Clinical symptoms of anemia include fatigue, shortness of breath, skill pallor,
palpitations, angina, decreased cognitive function, loss of libido, and decreased sense of well-
being.23%3" The goals of anemia management are to treat its underlying causes and reverse
symptoms attributable to decreased hemoglobin.

2.2.1. The Role of EPO and Iron in Erythropoiesis

In the first stage of erythropoiesis process (Figure 2.1), the presence of decreased oxygen

delivery due to hypoxemia or anemia leads to delayed spontaneous degradation of hypoxia

inducible factor (HIF) produced by the kidneys and other tissues. The continuing presence of
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Figure 2.1. Erythropoiesis in chronic kidney disease

Adapted from National Kidney Foundation’s Primer on Kidney Diseases>*

HIF promotes production of hormone EPO in the kidneys. EPO binds to receptors on erythroid

progenitor cells, the burst-forming units (BFU-E), and colony-forming units (CFU-E) cells in the

bone marrow, which then differentiate into erythroblasts. In the second stage, erythroblasts
undergo rapid cell division and iron-dependent hemoglobinization to form reticulocytes that

leave the bone marrow to circulation. The EPO-dependent first stage takes about 8 to 13 days

and shortens as erythrocyte production increases. The second iron-dependent stage takes about 4

days while iron-acquisition takes about 2 to 3 days. In the absence of EPO, the erythroid

progenitor cells will undergo programmed death or apoptosis. In the absence of iron, hemoglobin

formation in reticulocytes will stop, resulting in reduction of RBCs. Therefore, it is clear that



sufficient erythroblast production and adequate levels of iron are necessary for optimal RBCs or
hemoglobin production in the treatment of anemia in ESRD patients.

As shown in Figure 2.1, some other factors also play important roles in the production of
RBCs, including proinflammatory cytokines such as interleukin 1 (IL-1), tumor necrosis factor-a
(TNF- ), IL-6, interferon-y (INF-y), and hepcidin. They may be the basis for most of the anemia
of chronic disease syndromes and contribute to the anemia in ESRD patients when inflammation
and infection are present. However, for patients who are anemic without inflammation or
infection, EPO deficiency and iron deficiency play a much greater role.
2.2.2. lron Deficiency

Sufficient iron availability is necessary in erythropoiesis. Iron deficiency occurs in
majority of ESRD patients on HD and can be classified into absolute or functional iron
deficiency. Absolute iron deficiency reflects little or no iron stores.® As defined by Weiss and
Gordeuk,*® absolute iron deficiency refers to a concentration of serum ferritin <15 pg/L for men
and <19 pg/L for women in general population. The cut-off values for patients with ESRD,
however, are markedly higher. Because high serum ferritin levels may be a result of chronic
inflammation, infection, malnutrition or malignancy and not necessarily reflect iron overload,*
having serum ferritin >500 pg/L does not exclude iron deficiency in these patients. As a result,
both serum ferritin levels and transferrin saturation (TSAT) are used for diagnosis, and
concurrent low levels are thought to indicate absolute iron deficiency. Current evidence-based
guidelines recommend a target serum ferritin level of >200 pg/L for dialysis patients,*! and
serum ferritin as a marker for iron stores in the body should be measured every 3 months in
patients undergoing ESA therapy and IV iron supplementation. No guidelines are available on

the upper limit of serum ferritin at which iron treatment should be withheld.
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Functional iron deficiency occurs when there is inadequate release of iron to support
erythropoiesis although adequate amounts of iron stores are present.*® A common occurrence is
in the presence of inflammation in patients undergoing ESA maintenance therapy. Functional
iron deficiency is generally thought to be present when serum ferritin level is high but TSAT
level is low. However, this view has been challenged by results from recent studies.®® TSAT, the
ratio of serum iron to total serum iron binding capacity, is a measure of circulating iron available
for delivery to the erythroid marrows. Patients with iron deficiency have TSAT levels <15%
while the normal values lie between 16-40%. The level of TSAT fluctuates greatly with varying
serum iron level while transferrin level is affected by the nutritional status. In the presence of
inflammation, TSAT decreases, and a level <20% with normal or elevated serum ferritin levels
indicates functional iron deficiency in patients with CKD. However, a TSAT level >20% and/or
a serum ferritin level >100 pg/L does not exclude functional iron deficiency, because the
specificity and sensitivity of these measures for iron deficiency are low.*?

It is hard to differentiate between absolute and functional iron deficiency without
histological examination of the bone marrow.® Common practice in clinical care has used the
response to 1V iron supplementation as a guide; it is thought that patients with absolute iron
deficiency are generally more likely to respond to this therapy compared to those with functional
iron deficiency. However, about 30% of patients with functional iron deficiency also respond to
treatment.®® Nevertheless, both deficiencies contribute to iron-restricted erythropoiesis. It is
recommended to use a trial of IV iron therapy to identify patients who need 1V iron
supplementation to optimize ESA therapy when hemoglobin (Hb) is below target levels or high
ESA doses are used but iron status target levels are indefinite. A response to IV therapy with a 1

to 2 g/dL increase in hemoglobin confirms iron deficiency.*?
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The cause of iron deficiency in ESRD patients on HD is also multifactorial.** Absolute
iron deficiency, or depleted iron stores, is frequently a result of blood loss, reduced intake, and
impaired intestinal absorption of dietary iron. These patients undergo HD 3 times a week. Blood
loss occurs due to clotted dialysis membranes and in the process of running through dialyzer, as
well as frequent blood sampling. On average, a patient loses about 2-5 L of blood per year,
which includes about 0.5-1.5 g of iron.*>#¢ Absorption of iron from food seems to vary inversely
with ferritin levels, however, the amount absorbed from food is not sufficient enough to meet the
need for erythropoiesis in these patients.***"#8 Acquired gastrointestinal diseases such as
autoimmune atrophic gastritis and Helicobacter pylori infection affect about 90% of HD
patients, and the resulting use of gastric proton pump inhibitors and H»-antagonists contributes to
the malabsorptive mechanism of iron deficiency anemia.*®° Functional iron deficiency, caused
by insufficient iron availability at the site of erythropoiesis despite adequate iron stores, can be a
result of chronic inflammation associated with ESRD or elevated hepcidin levels.®#4 Hepcidin, a
peptide hormone, regulates absorption of dietary iron and recycled iron from senescent RBCs in
splenic and hepatic macrophages, and the release of iron from storage in hepatocytes. Hepcidin is
cleared by the kidneys and therefore elevated in ESRD patients. Abnormal hepcidin synthesis
thus results in increased hepcidin levels that lead to decrease in iron absorption, availability of
recycled iron from macrophages, and then functional iron deficiency.3444

Iron deficiency has been linked with elevated risk for thromboembolic events and
mortality in CKD patients on ESA treatment.** It is also a cause of hyporesponsiveness to ESA
therapy, which is potentially correctable with iron supplementation.**444" Achieving adequate

iron stores and availability is thus essential for optimal management of anemia in ESRD patients.
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2.2.3. Consequence of Anemia

The consequences of anemia are severe. Anemia in ESRD patients is associated with
elevated morbidity, mortality, and healthcare costs.?3%3" Left untreated, anemia can affect major
organs such as heart and brain and contribute to CV morbidity and mortality outcomes, including
an exacerbation of angina and left ventricular hypertrophy.3® While the incidence of ESRD is on
the rise, affecting nearly 637,000 patients in the US as of December 31, 2012,% anemia in ESRD
patients remains an important public health problem. To minimize the potentially severe
consequences of anemia in ESRD patients, adequate management of anemia is of great

importance, and identifying optimal management strategies is essential.

2.3. Management of Anemia in ESRD patients on HD

Anemia, among the physiologic complications of advanced kidney disease, is probably
the most responsive to treatment. Management of anemia in these patients has been evolving
through time. Prior to 1990s, it was mainly through transfusions and IV iron supplementation,
accompanying risk of transfusion reactions, immune sensitization, iron overload, and infection.
The introduction of ESAs has decreased the use of transfusions.! Treatment with concurrent use
of ESAs and 1V iron has become the standard therapy due to relative health benefits®*°* and
cost-effectiveness! compared to ESA alone. Recent studies”#>° showed evidence of harm
associated with normalizing Hb with ESAs, contributing to a “black box” warning for ESAs and
label change.®®°” Together with changes in CMS’s reimbursement program, the use of ESAs has
been decreasing whereas reliance on IV iron has increased.®®>°
2.3.1. RBC Transfusions in HD Patients

Before 1990s, anemia in HD patients required frequent RBC transfusions with an average

of 6 times a year.*® During a RBC transfusion, a needle is used to insert an IV line into one of the
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patient’s blood vessels, and healthy blood is given to the patient through this line. Transfusions
raise the percentage of RBCs in the patient’s blood, increasing the amount of oxygen available to
the body. Prior to the introduction of recombinant human erythropoietin (rHUEPO) in 1989, low
hemoglobin levels of 5-7 g/dL were prevalent in HD patients.®® When iron and anabolic steroid
treatments failed to improve the clinical symptoms of anemia, frequent blood transfusions were
required.

For ESRD patients, RBC transfusions are almost universally successful in increasing a
patient’s blood volume and raising the hemoglobin level, and thus can help improve the patient’s
symptoms and quality of life. They, however, do come with risks. Risks associated with RBC
transfusions include both infectious and non-infectious reactions. Due to the advancements in
viral and bacterial testing methodologies and extensive donor interviewing process, the incidence
of transfusion-transmitted infections has reduced greatly.5* At the same time, reporting of non-
infectious complications of transfusion has increased, which will likely remain the leading cause
of transfusion-related morbidity and mortality.

The risk of transfusion-transmitted viral infections including HIV (risk 1 in 2.3 million),
HBV (1 in 350,000) and HCV (1 in 1.8 million) infections is now greatly reduced, due to
improved methods of donor history screening and laboratory testing.®! Bacterial and parasitic
infections, in comparison, are rising concerns. Sepsis secondary to gram-negative bacteria carries
a mortality rate as high as 60%;5? Babesia accounts for 30% of reported deaths due to RBC
microbial infections with no currently available FDA-approved test to detect Babesia.®

RBC transfusions can also cause a variety of non-infectious reactions, and the risks of
their occurrence vary greatly as well as their impact on mortality. As reported to the FDA

between 2005 and 2010, the top 3 causes of transfusion-related deaths were transfusion-related
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acute lung injury (incidence 1 in 1,200-190,000 transfusions), hemolytic transfusion reactions,
and transfusion-associated circulatory overload (<1 in 100 transfusions), accounting for 50%,
25%, and 12% of the total events respectively. Serious allergic reactions, anaphylactic reactions
(1 in 20,000-50,000 transfusions), accounted for 4% of total transfusion-related deaths, whereas
mild allergic reactions such as mild urticarial reactions (incidence 1-3%) were less fatal.®

Iron overload, another non-infectious risk of transfusion, was a common and potentially
serious complication during the pre-EPO era.®® Because the amount of iron being released (~1
mg iron per mL of RBCs) during transfusion dramatically exceeds what can be excreted (~1 mg
per day), transferrin becomes saturated quickly after 10-15 units of RBCs. Excess iron
accumulates in essential vital organs (reticuloendothelial system, liver, heart, spleen and
endocrine organs), which may lead to liver failure and heart failure.

Another common non-infectious reaction is alloimmunization, which can occur against
RBC (incidence 6-10%) or Human Leukocyte antigens (HLA, incidence 2-25%).%* The
incidences are much higher among patients receiving multiple transfusions. HLA
alloimmunization is undesirable in ESRD patients because it is considered as a contraindication
to transplantation.

With the introduction of EPO, the hemoglobin levels of patients on HD greatly improved,
and the need for RBC transfusions dramatically decreased. However, RBC transfusions are still
necessary for patients who need an immediate increase in oxygen carrying capacity.

2.3.2. ESA Use in HD Patients

The availability of rHUEPO in 1989 has revolutionized anemia management in patients

with ESRD. The initial phase 111 trial showed elimination of the need for transfusions within 2

months of initiation of ESA therapy, compared with 1,030 transfusions within the 6 months prior
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to initiation.®* Because they dramatically reduced the need for frequent RBC transfusions and
androgen as well as their associated adverse effects, ESA therapy became very appealing and
widely used for anemia management in ESRD patients on HD.

Exogenous ESAs are structurally and biologically similar to endogenous hormone EPO.
They stimulate erythropoiesis via the same mechanism,** inducing the body to create more RBCs
and raise the hemoglobin level. ESAs also help mobilize iron stores, which is particularly helpful
in ESRD patients with iron overload due to previous frequent transfusions.3#6°68

ESAs in the US

Two ESA agents are available for the treatment of anemia of CKD in the US: epoetin alfa
(Epogen®/Procrit®) and darbepoetin alfa (Aranesp®). Approved by the FDA in 1989, epoetin alfa
is the first agent in the ESA family and has been prescribed to 1.5 million Medicare patients on
dialysis as of 2012.%768 |n 2001, the second-generation ESA darbepoetin alfa was approved.5®
Darbepoetin alfa differs from epoetin alfa in that it contains two more N-linked oligosaccharide
chains, resulting in longer half-life than epoetin alfa. In November 2007, the third generation
ESA methoxy polyethylene glycol-epoetin beta (Mircera®) was approved for the treatment of
anemia associated with CKD in both patients on dialysis and not on dialysis.” It is the only
FDA-approved ESA to maintain stable hemoglobin levels with once-monthly or one-every-two-
week dosing in all CKD patients. Compared to the other ESAs, Mircera® has the longest half-
life, up to six times longer than darbepoetin alfa and up to 20 times longer than epoetin alfa.
Mircera® has been available in Europe but not launched in the US due to a patent case.

Indications and contraindications in HD patients

Both epoetin alfa and darbepoetin alfa are indicated for the treatment of anemia due to

CKD in most patients on HD who have a hemoglobin level of <10 g/dL.%8%° They are not
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indicated to use in HD patients who have a history of stroke or malignancy, or active malignancy
receiving treatments, unless also receiving concomitant myelosuppressive chemotherapy. ESAs
cannot substitute for RBC transfusions in patients requiring immediate correction of anemia.®8:5°
They are also contraindicated in patients with uncontrolled hypertension, pure red cell aplasia,
and serious allergic reactions to ESA therapy.®%°

ESA administration

ESAs can be administered both intravenously and subcutaneously. Studies have shown
that subcutaneous administration is 20% to 30% more efficient than a comparable intravenously
administered dose.” Nonetheless, ESAs are mostly administered intravenously for patients on
HD in the US due to the convenience of 1V administration and the potential risk of pure red cell
aplasia subcutaneous administration carries. Initially, subcutaneous administration was more
common in other countries.”?> However, due to the association between cases of pure red cell
aplasia and subcutaneous administration of epoetin alfa in Europe, IV administration of ESAs
becomes more common. Recent guidelines suggest either administration route for HD patients.*3

Compared to long-acting darbepoetin alfa that requires injections once every one or two
weeks, administration of epoetin alfa is more burdensome by requiring two or three injections
per week.%® The difference of administration frequencies is due to the relatively shorter
circulating half-time in plasma.”"® In the US, epoetin alfa is the most frequently used ESAs."®

Frequent monitoring, at least monthly, is recommended for patients who are receiving an
ESA. Hemoglobin monitoring is performed prior to a mid-week HD session, aiming to minimize
hemoglobin variability due to the longer inter-dialytic interval between the last treatment of one
week and the first of the next. Hemoglobin testing should also be performed whenever clinically

indicated, such as after a major surgical procedure, hospitalization, or bleeding episode.™
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Efficacy and benefits of ESAs

Data consistently demonstrated the ability of ESAs to raise the hemoglobin level in
patients on HD. Ever since ESAs became the standard of care for anemia management in patients
with advanced CKD, mean levels of hemoglobin and hematocrit (Hct) rose consistently.”” As of
2006, the mean hemoglobin level was 12.0 g/dL while two thirds of them have a level between
11.0-13.0 g/dL."2"8 The need for regular transfusions dropped by about 50% between 1999-2000
and remained low since then, resulting in great reduction in complications including iron
overload.*® Thanks to the ESA therapy, severe anemia is no longer a major cause of morbidity in
HD patients. Improvements have been shown on the CV and hemodynamic abnormalities’®#° and
non-hematologic symptomatic conditions®82 with partial correction of severe anemia. Epoetin
alfa and darbepoetin alfa are similarly effective in achieving and maintaining target hemoglobin
levels; the main difference is that darbepoetin alfa is relatively long-acting.83%

Side effects of ESAs

Since the introduction of ESAs, clinical practice guidelines for managing anemia in HD
patients changed from transfusions to normalizing hemoglobin using ESAs. Despite the
alleviation of anemia, emerging data suggested that ESAs are associated with increased mortality
and morbidity starting 2003. Consequently, the FDA responded with package insert changes and
a “black box” warning. Over the same period, Medicare underwent multiple changes to its
reimbursement policy for ESAs, and anemia management guidelines were revised.

Epidemiologic studies based upon data from the USRDS or Health Care Financing
Administration (HCFA) database suggested that hemoglobin levels between 11-13 g/dL are
associated with better outcomes compared to lower values.®-°® However, results from multiple

RCTs, meta-analyses, and systematic reviews suggested that full correction of anemia with
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hemoglobin approaching the normal range does not result in significant clinical benefit but is
rather associated with elevated risk of adverse outcomes, compared with partial correction.%-104
The pivotal RCTs (Table 2.2) raised concerns about ESAs, such as increased risks of
arterial thrombotic events including stroke, venous thromboembolism, and exacerbation of
cancer.”®%® The majority of meta-analyses performed showed similar results. In one recent meta-
analyses with 27 trials,’** compared with lower targets or placebo, higher hemoglobin targets
were associated with an elevated risk for hypertension (risk ratio (RR) 1.67, 95% confidence
interval (CI), 1.31-2.12), stroke (RR 1.51, 1.03-2.21), and vascular thrombosis (RR 1.33, 1.16-
1.53). Although not statistically significant, higher risks were observed for mortality (RR 1.09,
0.99-1.20) and serious CV events (RR 1.15, 0.98-1.33). The underlying mechanisms of these
adverse effects are still unclear, which could be a direct effect of the higher hemoglobin level
mediated by hemodynamic or rheological effects or indirect effects due to higher ESA doses.
Examination of the effects of ESAs on quality of life returned inconsistent results. Some
studies showed improvements,®>1%5-197 while others showed either no difference or not sustained
effects.”® As evidence accumulates, they attracted the attention of the Congress, the FDA, the
CMS, and the National Kidney Foundation (NKF) (Figure 2.2). The FDA responded by issuing a
“black box” warning for ESAs that first recommended the minimum dose required to avoid the
need for transfusion, and later changed to recommending a hemoglobin target of 10-12 g/dL.%7
The CMS responded by changing ESA reimbursement policy multiple times to a bundled
composite pay rate system that includes services provided for dialysis including ESAs, iron,
antibiotics, and laboratory tests related to the treatment of ESRD.° The NKF followed with
revisions to their KDOQI anemia guidelines in 2007 to recommend a target hemoglobin of 11-12

g/dL in ESA-treated patients and to avoid hemoglobin >13 g/dL.1%®
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Table 2.2. Large randomized studies of ESA in CKD patients with anemia

NHS CHOIR CREATE TREAT
Year Published 1998 2006 2006 2009
Location us, us, Europe, International,

51 sites 130 sites 22 nations 94 sites 24 nations 623 sites
ESA Epoetin alfa Epoetin alfa Epoetin beta Darbepoetin alfa
CKD Stage and Hd with cardiac disease Nondialysis Nondialysis Nondialysis with type 2 diabetes
Comorbidity
Sample Size 1,233 1,432 603 4,038
Duration (year) 3+ (planned) Max 3 Max 4.25; Mean 3 Max 4; mean 2.42
High Hb Target (g/dL) 14 (Hct 42) 13.5 1310 15 13
Low Hb Target (g/dL) 10 (Hct 30) 11.3 10.5t011.5 9

CV Endpoints

Progression of CKD

Cancer Deaths

Quiality of Life

RR 1.3 (0.9 t0 1.9)

Not applicable
Not noted

Better physical function
in high Hb group

High in high Hb group

No difference

Not noted

No difference

No difference

More in high Hb group
Not noted

Better in high Hb group
in the first year

No difference except higher stroke
in high Hb group

No difference
Higher in high Hb group among
patients with previous cancer

No difference except less fatigue in
high Hb group

Note: CKD=Chronic kidney disease, Hb= hemoglobin, Hct=Hematocrit, CV=Cardiovascular. Adapted from National Kidney Foundation’s Primer

on Kidney Diseases*, and publication of these studies’™

Overall, evidence suggest that ESAs may increase risks of morbidity and mortality although they are effective at raising

hemoglobin levels. The use of ESAs has gradually decreased, accompanying with gradually fallen target hemoglobin level for patients

receiving ESAs and the lowest hemoglobin level for ESA initiation.*'° Between 2009 and 2011, the mean hemoglobin level fell to

10.96 g/dL, ESA doses dropped by 19.2%, while the use of IV iron has increased by 3.4% in the US. A slight increase in use of

transfusions was noted. 12
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Figure 2.2. A timeline of the major events related to ESAs in the US that occurred between 1998 and 2012
Regulatory actions and reimbursement changes are presented above the time line, and pivotal publications and clinical
practice guidelines for anemia management in ESRD patients are presented below the time line. The adapted background

graphs represent Amgen’s sales of Epogen® and Aranesp® from 1989 to 2010.1% Complete sales data for Procrit® were not
available.



2.3.3. IV Iron Use in HD Patients:1

A primary cause of anemia in ESRD is iron deficiency, particularly among patients
requiring hemodialysis (HD). Iron deficiency can be classified into absolute iron deficiency and
functional iron deficiency, each with multifactorial causes.® Absolute iron deficiency, or
depleted iron stores, is frequently a result of blood loss, reduced intake, and impaired intestinal
absorption of dietary iron.®> Functional iron deficiency, or insufficient iron availability at the site
of erythropoiesis despite adequate iron stores, can be caused by chronic inflammation associated
with ESRD or elevated hepcidin levels.® Overall, HD patients lose an average of 1-2 g of iron
per year, and some as much as 4-5 g per year.* Management of iron deficiency to meet the need
for erythropoiesis is thus essential for optimal management of anemia in ESRD patients.

Intravenous (V) iron is an effective way to supplement iron and optimize erythropoiesis.
Existing randomized controlled trials (RCTs) showed that supplementing erythropoiesis-
stimulating agent (ESA) therapy with 1V iron increases hemoglobin production and lowers ESA
requirement.>*° Consequently, co-administration of ESAs and IV iron has become the primary
management strategy for anemia in HD patients.* Subsequent to emerging evidence on the
cardiovascular (CV) safety of ESAs’® and changes in the reimbursement policies in Medicare’s
ESRD programs,'® hemoglobin targets have decreased, allowing providers to reduce ESA
dosing, decreasing potential risks associated with ESAs.1*1? However, despite steadily falling
hemoglobin levels, doses of IV iron rose from 210 mg per month in 2009-2010 to 280 mg per
month in 2011, then back to a stable 200 mg per month in 2012-2013.178 Consequently, ferritin
levels in dialysis patients have generally been elevated, with many greater than 800 ng/mL.*’

The persistently high levels of ferritin raised concerns about appropriate use of iron.

1 This section was submitted to Hemodialysis International.
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Despite its established effectiveness, there have been concerns about safety of IV iron
supplementation. Unlike oral iron supplements, IV iron bypasses various homeostatic
mechanisms that keep iron tightly regulated. Due to the association between labile iron and both
induced oxidative stress and bacterial growth, elevated risks of CV events!'41¢ and infection!’
have been a concern related to 1V iron use in HD patients. Hypersensitivity reactions have also
been linked to the use of some iron formulations.'!® Unfortunately, the existing RCTs of IV iron
are small and short-duration and therefore do not provide evidence on safety and long-term
effects. Recent observational studies, primarily relying on cumulative iron exposure rather than
clinical dosing patterns, have showed differing results.

Five forms of IV iron preparations have been approved for use in the United States
(Table 2.3). These iron products are formulated with an iron oxyhydroxide core surrounded by a
carbohydrate shell.!*® The sizes of the core and its surrounding carbohydrate shell differ among
iron formulations, leading to different amount of labile iron being released. In contemporary
clinical practice, 1V iron is either provided intermittently via large doses over consecutive
dialysis sessions (often termed “bolus dosing™) or via small doses provided every one to two
weeks to maintain iron stores (often termed “maintenance dosing”). Decisions regarding when to
use each dosing approach typically follow protocols established by dialysis clinics. These
protocols provide treatment recommendations based on target levels of hemoglobin and observed
iron status parameters - ferritin and transferrin saturation (TSAT).***® A variety of dosing
protocols exist in clinical practice, and they differ with respect to target levels of iron status
parameters and dosing approach recommendations.!®?° Optimal management strategies to

administer 1V iron have not been identified.
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IV Iron and Hypersensitivity Reactions

Hypersensitivity reactions have been a concerning complication of IV iron
administration. First, and foremost, an anaphylactic reaction can be life-threatening if not
addressed with urgency. Second, the immediacy of the reaction that is experienced by the patient
receiving the agent is traumatic for both patients and staff. However, it appears that the absolute
incidence of adverse hypersensitivity reactions is low, especially with the use of newer agents.

Mechanism of Harm

All 1V iron preparations can lead to hypersensitivity reactions, including anaphylaxis.
Historically, occurrences of anaphylaxis were observed with high-molecular-weight iron
dextran,'?° raising concerns regarding the safety of 1V iron treatment. This product was in turn
replaced by low-molecular-weight iron dextran and other non-dextran products and is no longer
commercially available. Overall, anaphylactic reactions are rare in 1V iron formulations other
than high-molecular-weight iron dextran. Using data from the US FDA MedWatch programme
(2001-2003), Chertow et al examined the frequency of adverse drug events related to the four
older preparations. Compared to high-molecular-weight iron dextran, the rate of severe adverse
reactions was much lower in low-molecular-weight iron dextran (3.3 versus 11.3 per million
patients), or other non-dextran products (ferric gluconate: 0.9 per million patients; iron sucrose:
0.6 per million patients).* These rates were remarkably lower than those observed after their first
release.

The mechanism of anaphylaxis associated with IV iron administration remains unknown.
Immunological IgE- and IgG-mediated responses associated with the dextran component may
explain the relative higher occurrence of anaphylactic reactions associated with high-molecule-

weight iron dextran compared to other non-dextran preparations.**?* Among the other

24



preparations, the activation of the complement system triggered by iron nanoparticles is likely to
be involved.'?! As a consequence of complement activation, activation of mast cells and
basophils increases, resulting in secretion products that potentially lead to hypersensitivity
reactions.

Although the precise mechanism of hypersensitivity reactions to 1V iron is unknown, the
potential risk factors include asthma, mastocytosis, atopic status, and concurrent medications
including beta blockers and angiotension-converting enzyme inhibitors.* Given the inability to
predict hypersensitivity in patients using a serological evaluation, careful monitoring is needed
when administering any 1V iron product.

Epidemiologic Evidence

Due to the rarity of occurrence, evaluation of the hypersensitivity risk associated with
iron formulations is challenging in RCTs and prospective observational studies; impractically
large sample size would be needed to reach adequate statistical power. It is even more
challenging to compare the risks among different iron formulations using these designs.
Consequently, existing evidence base on IV iron and hypersensitivity reactions largely
comprised of data from spontaneous reporting.?212¢ Excluding high-molecular-weight iron
dextran, the highest risk of anaphylaxis was observed in iron dextran, and no significant
difference in risk was observed among other iron formulations including ferric gluconate, iron
sucrose, and ferumoxytol. However, caution needs to be exercised when interpreting these
results because data from voluntary reporting is prone to reporting bias.?” Substantial under- or
over-reporting and lack of verification makes them unfit for accurate estimation of incidence for

a given adverse event.

25



Large observational studies can be used to examine the risk of such rare events. Ina
large cohort of 688,183 Medicare beneficiaries from 2003-2010, Wang et al reported higher
incidence rate of anaphylaxis associated with incident exposure to iron dextran compared to
other iron products combined (68 versus 24 per 0.1 million patients).!?® Following total iron
repletion of 1 g administered within a 12-week period, the cumulative anaphylaxis risk was
highest with iron dextran (82 per 0.1 million patients) and lowest with iron sucrose (21 per 0.1
million patients).

Despite the rarity of hypersensitivity events, physicians are required to inform patients
about these risks before treatment,*?® and management tips have been provided for these adverse
reactions.* A test dose is recommended for iron dextran. For other non-dextran formations,

administration with a relatively small dose and slower rate of infusion has been advised.*°

IV Iron and CV-related Risk

Cardiovascular (CV) disease is the leading cause of death among HD patients. There
have been theoretical concerns that IV iron may increase the risk of CV-related outcomes
through inducing increased oxidative stress,!14-116

Mechanism of Harm

With 1V administration, iron is directly released into plasma, resulting in transient
concentrations of labile plasma iron and formation of highly reactive free radicals, damaging
reactive oxygen species that attack membrane lipids and are associated with atherosclerosis.!
Excess free radicals could change the redox balance state to increase oxidative stress or at least
exacerbate the level of oxidative stress present in HD patients.*®! Iron has been identified in
atherosclerotic plaques, suggesting that IV iron may increase atherogenesis leading to CV deaths

in HD patients.**? Cell culture models and animal models have shown 1V iron formulations
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induce oxidative stress and tissue inflammation.®*31% However, no definite link has been
established between iron treatment, oxidative stress, and CV risk.

Hepcidin, the important regulatory protein for iron, has also been hypothesized to
mediate the effect of iron on CV-related risk by promoting iron accumulation in macrophages
and subsequently atherosclerosis.’*® However, animal studies have shown conflicting results
regarding the association of hepcidin level and the atherosclerosis process.**13® Recent clinical
studies in HD patients found positive association between increased level of hepcidin and arterial
stiffness'*° and risk of CV events.'#!

Epidemiologic Evidence

Evidence from epidemiologic studies on IV iron and CV-related risk is inconclusive
although early clinical studies indicated iron use with elevated risks of CV diseases** and
mortality!*? in HD patients. Susantitaphong et al reviewed and meta-analyzed 24 single-armed
studies and 10 parallel-arm RCTs and found no association between high IV iron doses and CV
mortality (Table 2.4).1* The completed studies were largely underpowered and generally
evaluated outcomes that were not hard clinical end-points. They also had relatively short
duration for follow-up.

A limited number of observational studies have evaluated the effect of IV iron on CV-
related events and mortality in HD patients (Table 2.4), and the results are inconsistent. Iron
doses greater than 400 mg/month*** and 300 mg/month!*® were associated with higher CV
mortality risk in two large cohort studies. Higher cumulative iron doses were also linked with
higher CV events in a Japanese prospective cohort study, which examined a product not
currently used in the United States.'*® Conversely, two recent retrospective studies of HD

patients showed no association between large doses and short-term CV morbidity and
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mortality.2>2* Similarly, no clear association has been established between IV iron and all-cause
mortality. Higher doses were associated with increased risk of death in some studies, 46 but
no association was found in others,#>146 with a few demonstrated reduced risks at certain levels
of dosing.2%1#4147 The conflicting data is partly due to the difficulty to separate the effect of iron
overload from systemic inflammation on CV-related outcomes because serum ferritin level can
be a marker for both conditions. Residual confounding by indication is likely another factor
contributing to the inconsistency, as patients receiving larger amounts of iron may be at higher
underlying CV risk.

Overall, despite theoretical concerns, it is unclear whether 1V iron administration
exacerbates atherosclerosis and leads to increased risk of CV diseases, the leading cause of death
in the ESRD patients. Further research is needed to evaluate hard clinical end pints, including
myocardial infarction, stroke, and mortality. The potential mediating role of level of hepcidin

and ferritin needs more thorough examination.

IV Iron and Infection Risk

Patients on HD frequently experience infectious complications leading to hospitalization
and death. There are concerns that IV iron may increase infection risk because of its effect on
bacterial growth, host immunity, and clinical infection risk.

Mechanism of Harm

Iron is essential for bacterial growth. In iron-rich environment, bacteria can acquire iron
from the blood stream by producing iron chelating siderophores or obtain iron from transferrin
directly via transferrin receptor and use it to grow. lron is also essential for proper host defense
against infection. Iron overload has been linked with impaired neutrophil and T-cell functions,

and subsequent immune dysfunction and increased Gram-positive bacteria growth in vitro,48-150
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Epidemiological Evidence

As with CV risk, the few RCTs of IV iron were not large enough to evaluate infection
risk. The Dialysis Patients’ Response to Intravenous Iron with Elevated Ferritin (DRIVE) study
randomized HD patients with TSAT <25% and ferritin 1,124-2,696 pmol/mL receiving high
doses of epoetin alfa (>30,000 U per week) to ferric gluconate or no iron. In these patients, 1 ¢
of IV iron did not increase the risk of infection and actually reduced number of serious adverse
events compared with patients who received no iron over the 3-month period.® Another placebo-
controlled trial in patients with heart failure (but not on dialysis) found no elevated risks of
infection, hospitalization or mortality in patients who received IV iron therapy.>

Compared to oral iron supplements, IV iron showed increased risk of infection and CV
events in a recent trial in non-dialysis patients with chronic kidney disease that had to be
terminated early.'® The results were considerably different from that of the Ferinject®
assessment in patients with Iron deficiency anaemia and Non-Dialysis-dependent Chronic
Kidney Disease (FIND-CKD) study that found no difference in infection risk across all three
arms.'® The discrepancy in the results may be partially caused by the single-center setting and
greater loss to follow-up in the first study.

Several systematic reviews and meta-analyses performed to date are inconclusive. Early
reviews published in 1999 found no evidence of an effect of iron and infection.’>*%® As more
data accumulated, an updated review conducted by Ishida and Johansen suggested a potential
link between iron and elevated infection risk.*>” Out of the 24 studies (published in and prior to
2013) included in the review, 12 studies showed an association of usage, dose-dependent risk or
frequency-dependent risk between iron and infection or infection-related mortality, whereas the

rest showed no association. Most of the 24 studies had small sample size and short follow-up
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duration. Many studies did not take into account of iron status parameters such as serum TSAT
and ferritin levels, offering little information about the comparability of the patient groups across
study groups. More than half of the studies (15/24) were carried out in other countries or in
older cohorts in the United States, limiting generalizability of these results.

Two recent meta-analyses of RCTs also reported conflicting results. With both HD
patients and non-HD patients with CKD, Litton et al showed increased risk of infection
comparing IV iron with either oral iron or no iron supplementation.’®® The other meta-analysis
evaluated the safety of IV iron in HD patients with functional iron deficiency reported no
association of iron use with infection risk, but only two studies were included in the analyses for
this outcome.*

Cumulative Iron Exposure and Infection Risk

To date, a number of observational studies examined the effect of IV iron administration
and risk of infection; most of them focused on cumulative iron exposures over a long period.
Current data, however, give mixed signals. In the last five years, several observational studies
with large population of HD patients have been published (Table 2.5). In a cohort of 14,078
dialysis patients in the United States, Miskulin et al examined the accumulated 1V iron dose over
1-, 3-, and 6-month rolling windows and found large associations between cumulative dose and
infection-related outcomes, but these associations were very imprecise and included the null
effect in all case.?’ Another study with 32,435 HD patients from 12 countries also reported non-
statistically significant difference across dosage groups. However, infection-related mortality
was elevated among patients receiving higher doses of 1V iron over 4 months compared to 100-
199 mg/month.*> In another cohort of 9,544 incident HD patients, higher cumulative IV iron

doses were not associated with infection-related hospitalizations.?” Inadequate statistical power
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due to small sample sizes might have contributed to the inability to detect the difference in some
of these studies.

To identify patient subgroups at higher risk, the effect of IV iron on risk of infection has
also been evaluated in several studies. Catheters were found to be the leading risk factor of
bacteremia in chronic HD patients.?>® Higher iron dose was also associated in patients with
catheter-related sepsis than in patient without.?® In recent work by our group comparing bolus
dosing with maintenance dosing strategy in a large cohort of HD patients, highest risk of
infection-related hospitalization was observed among patients with a catheter or history of recent

infection.?®

Safety of Iron Protocols: Towards More Clinically-relevant Effects

Much of the existing research on iron has studied long-term cumulative exposure or
shorter-term dose effects — exposures that do not align with treatment decisions made by
clinicians. In contemporary clinical practice, 1V iron is administered according to protocols,
which recommend courses of treatment aimed at achieving target levels of hemoglobin and iron
status parameters (ferritin and TSAT). Following availability of levels of these parameters,
physicians make decisions about the iron administration approach (e.g., bolus dosing or
maintenance dosing) for the next treatment course. A variety of dosing protocols exist in clinical
practice, and they differ with respect to target levels of iron status parameters and administration
approach recommendations.1%2

Little evidence is available regarding the long-term safety and effectiveness of these
dosing protocols in the literature. Clinical trials assessing the use of IV iron dosing protocols are

lacking; existing large observational studies have focused on the effect of cumulative iron
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exposure over a long period, which do not align with the treatment decisions that physicians need
to make regarding iron use.?

Existing studies have compared the safety of exposure to different administration
approaches. Several studies consistently demonstrated short-term benefits of bolus iron
administration on hemoglobin levels and iron status compared to more conservative maintenance
dosing®?or no iron.® No difference in CV risks was associated with either administration
approach.?*?* Elevated risk of infection was associated with bolus dosing approach. In a large
cohort of 117,050 HD patients in the United States, our group compared bolus iron
administration with maintenance dosing and found increased short-term risks of infection-related
hospitalization or mortality (hazard ratio and 95% confidence interval: 1.08, 1.05-1.11).% In
another study of 12,969 HD patients in the United States, Michels et al reported lower mortality
risk associated with maintenance dosing strategies compared with non-maintenance strategies.?
It is worth noting that different definitions were used for administration strategies across these
studies.

Altogether, the evidence concerning IV iron dosing protocols is inconclusive. The
examination of cumulative exposures over a long time period offered little clinically meaningful
information to physicians with regard to treatment decisions, which concern more about the
dosage, frequency, and timing of IV iron. Evaluation of different dosing protocols are needed to

identify optimal strategies for iron treatment in HD patients.

Summary
Data have consistently demonstrated the effectiveness of 1V iron treatment in
management of anemia in the ESRD patients on HD. However, there remains considerable

uncertainty about the best strategy for 1V iron treatment of anemia management iron in ESRD
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patients. In particular, the dosage, frequency, and timing of IV iron use in HD patients are
unknown. Given the increasing utilization of IV iron and data suggesting risk for some dosing
practices in some patients, further research is needed to identify optimal dosing strategies that

maximize the benefits of IV iron, while avoiding its potential risks.
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Table 2.3. 1V iron preparations available in the United States

Generic Name

Brand Name
(Manufacturer)

Approva
| Year

Test Dose
Needed

Labeled Dosage for
Iron Deficiency

1V administration time

Notes

High-molecule-
weight iron
dextran

Low-molecule-
weight iron
dextran

Ferric gluconate

Iron sucrose

Ferumoxytol

Ferric
carboxymaltose

DexFerrum
(American
Regent)

InFed (Watson)

Ferrlecit
(Sanofi-Aventis);
Nulecit (Watson)

Venofer
(American
Regent)

Feraheme
(AMAG)

Injectafer
(American
Reagent)

1954

1992

1999

2000

2009

2013

Yes

Yes

No

No

No

No

1000 mg in 10 divided
doses or total dose as
a single 1V infusion

1000 mg in 10 divided
doses or total dose as
a single 1V infusion

1000 mg in 8 divided
doses (HD only)

1000 mg in 10 divided
doses (HD); 1000 mg
in 5 divided doses
(NDD); 1000 mg in 2
doses of 300 mg and 1
dose of 400 mg (PD)

510 mg x 2 doses
separated
by 3 or 8 days

750 mg x 2 doses
separated
by at least 7 days
(weighing >110 Ib);
15 mg/kg body weight
separated by at least 7
days (weighing <110
Ib)

Undiluted at an infusion rate
not to exceed 50 mg
(ImL)/min

Undiluted at an infusion rate
not to exceed 50 mg
(ImL)/min

60 minutes diluted in saline;
undiluted 1V push at 12.5
mg/min

2-5 minutes undiluted or 15
minutes if diluted in saline
(HD, NDD); 300 mg infused
over 1.5 hours, 400 mg over
2.5 hours 14 days later, 400
mg infused over 2.5 hours 14
days later (PD)

IV infusion diluted in saline
or Dextrose Injection over
15+ minutes

Undiluted 1V push at 100
(2mL) per minute, or diluted
infusion over at least 15
minutes

Anaphylactic-type reactions and

fatalities reported; resuscitation

equipment and trained personnel
necessary

Anaphylactic-type reactions and

fatalities reported; resuscitation

equipment and trained personnel
necessary

Reactions to benzyl alcohol ingredient

7-day stability;
anaphylactoid reactions

MRI interaction for up to 3 mo;
resuscitation equipment and trained
personnel necessary. Anaphylactic-

type reactions presenting with

cardiac/cardiorespiratory arrest,
clinically significant hypotension,
syncope, and unresponsiveness

Anaphylactic-type reactions
presenting with shock, clinically
significant hypotension, loss of
consciousness, and/or collapse

Note: 1V= intravenous; HD=hemodialysis; NDD=Non-hemodialysis dependent; PD=peritoneal dialysis
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Table 2.4. Characteristics of epidemiological studies on IV iron and CV-related events among HD patients

Study Iron
First Author Year Country Databases N formulation Exposures Follow-up HR (95% CI) CV risk®
Kalantar-Zedeh ~ 2001-2003 us USRDS and 58,058  ferric gluconate, <400 vs 0 mg/month 2 years 200-399: btw 0.5-0.6° -
200514 DaVita iron sucrose,
iron dextran >400 vs 0 mg/month >400: btw 1.1-1.3 +
Kuo 2004-2005 Taiwan Prospective study 1,239 ferric chloride 40-800 vs 0 mg/6 months 12 months 1.7 (1.0-2.7) +
2014146 at Excelsior hexahydrate
Renal Service Co 840-1600 vs 0 mg/6 months 3.5(1.9-6.1) +
1640-2400 vs 0 mg/6 5.1 (3.0-9.7) +
months
Kshirsagar 2004-2008 us USRDS and 117,050  ferric gluconate, bolus vs maintenance 2 3 months 1.03 (0.99-1.07) *
23 H i
2013 Davita fON SUCTOSE, it vs low (> 200 vs < 200 0.99 (0.96-1.03) *
iron dextran
mg/1 month)
Miskulin 2003-2008 us USRDS and 14,078 all vs >0-150/1 month up to 4 years >350: 0.95 (0.70-1.29) *
2014% Dialysis Clinic formulations® vs >0-450/3 months >1050: 1.02 (0.74-1.41)
Inc vs >0-900/6 months >2100: 1.17 (0.76-1.79)
Susantitaphong through multi- 24 single-arm 2,658 Multiple NA NA NA *
201443 Dec 2012 country studies and 10 formulations®
parallel-arm
RCTs
Bailie 2002-2011 12 DOPPS 32,435 Multiple average dose over 4 months  Median (IQR): increased risks with +
2015 countries formulations® (mg/month): 0, 1-99, 100- 1.7 (1.0-2.4) >300;
199 (reference), 200-299, years >6 vs 1-2 mg/kg per

300-399, 400+

month: 1.35 (1.12-1.62)

Note: IV=intravenous; CV=cardiovascular; HD=hemodialysis; US=the United States; USRDS=the United States Renal Data System; IQR=interquartile range; Cl=confidence interval;

HR=hazard ratio; DOPPS=the Dialysis Outcomes and Practice Patterns Study

8Bolus dosing: consecutive doses > 100 mg exceeding 600 mg during one month; maintenance: all other iron doses during the month;

°No further explanation provided in the article;

CIron sucrose, ferric gluconate, iron dextran, iron saccharate, iron polymaltose, iron oxide, ferrous colloid, ferumoxytol;
dIron sucrose, ferric gluconate, iron dextran, iron saccharate, iron polymaltose, chondroitin sulfate iron complex, cideferron;
¢Obtained from a figure in the article, the exact estimates were not available;

fSymbol representation: + = increased risk; — = decreased risk; * = no difference
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Table 2.5. Characteristics of recent epidemiological studies on IV iron and infection among HD patients (2013-2016)

Infection
Author/Year Study Year  Country Databases N Population Exposures HR (95% CI) risk?
Brookhart 2004-2008 us USRDS and 117,050  HD patients bolus vs maintenance?; 1.08 (1.05-1.11) +
2013% DaVita high vs low (> 200 vs < 1.05 (1.02-1.08)
200 mg/1 month)
Miskulin 2003-2008 us USRDS and 14,078 HD patients vs >0-150/1 month >350: 1.26 (0.75-2.12) *
2014% Dialysis Clinic Inc. vs >0-450/3 months >1050: 1.69 (0.87-3.28)
vs >0-900/6 months >2100: 1.59 (0.73-3.46)
Kuragano 2007-2009 Japan multicenter- 1,086 HD patients cumulative weekly dose High: 5.22 (2.25-12.14); +
201416t prospective (vs no iron) low: 1.78 (1.04-3.05)
Zitt 2000-2007 Austria prospective 235 incident HD yes vs no 0.31 (0.09-1.04)° -
2014162 patients
Bailie 2002-2011 12 DOPPS 32,435 HD patients average dose over 4 >300: between 0.9-1.4¢ *
20155 countries months (mg/month): 0,
1-99, 100-199
(reference), 200-299,
300-399, 400+
Tangri 2003-2008 us USRDS and 9,544 incident HD vs >0-150/1 month >350: 0.91 (0.77-1.09) *
20157 Dialysis Clinic Inc. patients vs >0-450/3 months >1050: 1.08 (0.86-1.36)

vs >0-900/6 months

>2100: 1.26 (0.94-1.69)

Note: IV=intravenous; HD=hemodialysis; US=the United States; USRDS=the United States Renal Data System; HR=hazard ratio; Cl=confidence interval; DOPPS=the Dialysis

Outcomes and Practice Patterns Study

#Bolus dosing: consecutive doses > 100 mg exceeding 600 mg during one month; maintenance: all other iron doses during the month;

Outcome includes CV-related or sepsis-related mortality;

°Obtained from a figure in the article, the exact estimates were not available;

dSymbol representation: + = increased risk; — = decreased

risk; * = no difference



2.4.  Comparing IV Iron Dosing Protocols

IV iron dosing protocols are a type of dynamic treatment regimes. These protocols
provide treatment recommendations based on patients’ evolving clinical history aimed at
achieving target levels of hemoglobin and iron status parameters. To identify the best IV iron
dosing protocols among a set of protocols in routine use, we need methods appropriate for
estimating effect of dynamic treatment regimes.
2.4.1. 1V Iron Dosing Protocols as Dynamic Treatment Regimes

Dynamic treatment regimes refer to treatment strategies involving decision rules to make
treatment recommendations based on evolving clinical history.’®® For patients with ESRD
maintained on chronic HD, IV iron dosing protocols for anemia management are a type of
dynamic treatment regimes. Patients receiving IV iron have laboratory tests evaluated on a
regular basis to inform treatment titration. The current levels of hemoglobin and iron status
parameters—TSAT and ferritin—inform the dosage level and frequency of IV iron
administration for the next treatment course.!3>1% Other examples of dynamic regimes include
treatment of HIV/AIDs,'%41% management of type 2 diabetes,'®” and cholesterol control.6®
Increasingly, clinical guidelines present recommendations in this dynamic format.164-168

With a dynamic IV iron dosing protocol, levels of time-varying iron status parameters
(L,,) determine which dosing approach (4,,) to use for the next treatment course; these levels
are also affected by treatment (4,,—,) in the previous course and associated with future survival
(Yn41) (Figure 2.3). In this situation, current iron status tests are not only confounders for dosing
approach and survival but also mediators for effect of previous treatment on survival. Thus,
traditional regression-based statistical methods are not appropriate for evaluation of IV dosing

protocols.
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Figure 2.3. A schematic for an observational study involving dynamic treatment regimes
The schematic represents a screenshot of two observational intervals during the follow-up:
A, =treatment, L,,=time-dependent covariates, t,,=time of visit, Y,,,;=outcome.
2.4.2. Causal Inference with Dynamic Treatment Regimes

Currently, a limited number of methods are available to directly estimate the effect of
dynamic treatment regimes in observational studies. One approach is inverse probability
weighted (IPW) estimation of Cox marginal structural models (MSMs). It was introduced by
Robins to adjust for measured time-varying confounding and selection bias in observational
studies.'®%172 Hernan et al employed this method in comparison of two dynamic treatment
regimes for the initiation of highly active antiretroviral therapy in HIV-infected patients.!”® They
described it as an approach to emulate RCTs with two dynamic treatment regimes using
observational data. Using this approach, observation for subjects during follow-up are
retrospectively examined to see if individual treatment was consistent with a particular regime of
interest and are artificially censored at the first occurrence of a treatment that is not consistent
with the regime initiated at baseline. Analyses are then carried out in uncensored individuals
under regimes of interest by fitting an IPW Cox model with weights to adjust for potential
selection bias introduced by this artificial informative censoring. The estimated effect from

comparing two dynamic regimes can be interpreted as the difference in the outcome of interest if

all the subjects always adhered to regime 1 versus regime 2.
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Further studies generalized this method to compare multiple treatment regimes
simultaneously.t’*1"7 Orellana et al*’® and Cain et al*’"*’® created an artificial data set in which
each subject contributes observations for each regime they followed. Cotton and Heagerty
proposed a data augmentation estimation approach'’® and a weighted log-rank method?*® to test
for differences in survival among multiple dynamic regimes. Shortreed and Moodie used
bootstrap method for inference.'® Under appropriate assumptions, IPW can appropriately adjust
for measured time-varying confounding and selection bias in observational studies as well as in
RCTs with imperfect compliance and loss to follow-up.

The parametric g-formula is an alternative to IPW of MSMs to adjust for time-varying
confounding when comparing dynamic treatment regimes. It was first introduced by Robins*®? to
estimate the causal effect of arsenic on heart disease and has been applied to compare the
effectiveness of dynamic regimes involving lifestyle interventions.*®318 Young et al used this
approach to estimate all-cause mortality risks of several dynamic regimes for combined
antiretroviral therapy initiation.*® A g-estimation approach modeling the effect of the time-
varying treatment was also considered to find the optimal regime.’

Under appropriate assumptions, these estimation methods can all provide consistent
estimates of the counterfactual population parameters of interest. The identifying assumptions
are the same, but each approach requires parametric assumptions on different components of the
observed data.'® The parametric g-formula estimator is based on parametric maximum
likelihood estimation while the IPW estimator is a semi-parametric estimator. Thus, under
correct parametric assumptions, the parametric g-formula and g-estimation produce more
efficient estimators (with smaller variance) than the IPW estimators but require more parametric

modelling assumptions. The parametric g-formula and g-estimation estimators are generally
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more stable than the IPW estimators in the presence of near violations of the positivity
assumption. However, due to the reliance on parametric assumptions, parametric g-formula and
g-estimation estimators are more vulnerable to bias when the assumptions are violated. Correct
specification is needed for the conditional probability of the outcome, the treatment, and the
time-varying covariates in all follow-up intervals. In contrast, the validity of the IPW estimators
requires correct specification of the treatment, the censoring indicator, and the MSM for the
relation between a regime and the outcome of interest had all subjects followed this regime for
all follow-up intervals. Parametric g-formula estimators are also subject to the “g-null paradox”,
which will reject the causal null even when it is true in sufficiently large samples because it is
impossible to correctly specify parametric models under the causal null hypothesis.

For this thesis work, we used IPW estimation of Cox MSMs to compare the effect of

different IV iron dosing protocols.
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CHAPTER 3: ANALYTICAL APPROACH

3.1.  Overall Study Design and Methods

This thesis used an observational retrospective cohort study to address the two aims.
First, | identified frequently used IV iron dosing protocols for anemia management among end-
stage renal disease (ESRD) patients undergoing chronic hemodialysis (HD). I then compared the
effect of commonly used dosing protocols on all-cause mortality and infection-related outcomes.
As a type of dynamic treatment regimes, the effect of long-term exposure to 1V iron dosing
protocols were compared using an inverse probability weighted (IPW) Cox marginal structural
model (MSM). Under a set of assumptions, the results from Aim 2 allow for a causal
interpretation of effect measure estimates. Aim 1 & 2 also demonstrated how to identify and
evaluate dynamic treatment regimes in research studies for ESRD patients.
3.1.1. Study Population

This study used a cohort constructed using data derived from the clinical research
database of a large dialysis provider in the United States (US), linked with the United States
Renal Data System (USRDS). With over 2,042 dialysis centers located throughout the country,
this dialysis provider manages services to approximately one third of all Americans with ESRD
receiving dialysis.

| used the clinical research database to assess clinical detailed information relevant to
dialysis and anemia management for HD patients, including IV iron and ESA use at each dialysis

session, clinical laboratory values, current vascular access, and recent IV antibiotics use. As
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usual clinical practice, such information is detailed into a patient’s record in clinical database.
Due to ethics of clinical practice and financial reasons that the dialysis facilities are reimbursed
for drugs administrated, the dialysis clinics must maintain accurate drug records and subject
them to institutional quality control systems. The quality of the data was not a major concern. A
study examined the medication records documenting medications administrated at the clinic
including 1V iron and erythropoiesis-stimulating agents (ESAs) and showed high accuracy,®’
minimizing the potential for error in exposure measurement and clinical covariate assessment for
this study.

| used the USRDS to assess demographic characteristics, comorbidities, healthcare
system encounters, and specific outcomes of interest including death. Funded by the National
Institute of Diabetes and Digestive and Kidney Diseases (NIDDK), the USRDS is a national data
system that collects, analyzes and distributes information about the treatment of ESRD.* The
data system includes data from the Medicare Enrollment database, the Medical Evidence Report
Form, the ESRD Death Notification Form, and the standard analytic files containing final action
claims data. Thus, the USRDS contains detailed data on all patients in the Medicare’s ESRD
system, including information collected at dialysis initiation detailing the primary cause of
ESRD, clinical data, and certain laboratory measurements. The USRDS also contains Medicare
Parts A and B claims that include information on diagnoses and procedures recorded for all
outpatient office visits and hospitalizations. The quality and validity of the USRDS data have
been evaluated by studies conducted by the USRDS. An average concordance rate of 90.6% was
found for fifty variables under examination when comparing a sample of the USRDS data with

patients’ medical chart. 18919
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3.1.2. Cohort Identification

The study population consisted of ESRD patients who were at least 65 years old and
receiving center-based, outpatient HD in the US between January 1, 2004 and September 16, 2012
and who had Medicare as their primary insurer.

Patients were included in the cohort if they met the following criteria:

1) started HD between January 1, 2004 and September 16, 2012 (so they had at least 3 months
of HD and two-weeks of chronic anemia management);

2) continued HD for at least 3 months after the start of HD;

3) at least 65 years of age at the start of HD (to receive regular Medicare coverage because
most HD patients who are younger than 65 do not have complete Medicare data until 3
months after the start of HD);

4) had continuous Medicare Part A and B coverage during the 3-month baseline period;

5) had at least one claim before the first service date and at least 60 days covered by claims
during the first 90 days of dialysis;

6) had at least 9 dialysis sessions in the last month of baseline period (suggesting the
individual was receiving regular center-based HD).

Patients were excluded if they met the following criteria:

1) had polycystic kidney disease (since many of these patients do not require ESAs and
therefore may have different 1V iron requirements);

2) had missing values on baseline covariates or IV iron exposure.

Study period

The study period was from January 1, 2004 through December 31, 2012.
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Baseline period

The baseline period was the time period starting on 90 days before dialysis initiation and
ending on the first TSAT laboratory test date (index TSAT) (Figure 3.4 & Figure 3.5).

3.1.3. Study Variables
Exposure

The exposure of interest was 1V iron dosing protocols for anemia management in ESRD
patients on HD. Details for exposure assessment are listed separately for each aim under the
Statistical Analysis section.

Outcomes

The outcomes for Aim 2 were the risks of all-cause mortality and infection-related
hospitalization or mortality if all patients were persistent to the index 1V iron dosing protocols.
These endpoints were examined separately.

Infection-related hospitalization outcomes included hospitalization due to sepsis, vascular
access, and pneumonia. They were identified using Medicare Part A inpatient claims and
definitions consisted of International Classification of Disease, Ninth Revision (ICD-9-CM)
diagnosis codes. Infection-related death all-cause mortality outcomes were identified using the
ESRD Death Notification File of the Medicare’s ESRD program and the specific cause of death.
The detailed definitions were listed in Table 3.6.

Follow-up period

The follow-up period in Aim 2 started at the end of the first two-week exposure window
(index exposure window) following index TSAT. Patients were followed up until occurrence of
an event of interest, receipt of kidney transplantation, the time of switching modality (from

center-based HD to peritoneal dialysis or home HD), loss to follow-up, disenrollment from this
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dialysis provider, loss of Medicare coverage, 120 days since start of follow-up or administrative
end of follow-up (which was December 31, 2012).

Table 3.6. Definitions for study outcomes

Outcomes Definition Data Source
Infection outcomes

Hospitalized for infection Any ICD-9-CM diagnostic codes of 996.62 (vascular Medicare Part A
access), 481.xx (pneumonia), 038.xx (Sepsis)

Infection-related death Primary cause of death: 33, 34, 45-58, 51, 52, 61-63, 70  Death Notification File
All-cause mortality
All-cause death Death as indicated in CMS file Death Notification File

3.1.4. Covariate Assessment

| collected covariates deemed important to the specific aims of this thesis by existing
literature and the clinical expertise of the research team. They included demographic and clinical
characteristics of the patients and dialysis facility. | evaluated both baseline covariates and time-
varying covariates. Baseline covariates were evaluated in the baseline period prior to the index
date for first iron dosing protocol. Time-varying covariates were evaluated at fixed intervals
following the start of follow-up.

The clinical database, the USRDS, and Medicare Part A and B files were used for covariate
assessment. Comorbidities were assessed using definitions consisting of ICD-9-CM diagnosis
codes. Table 3.7 lists the detailed definitions for each condition and the data source of assessment.

Table 3.7. Definition for covariates

Covariate Definition Data Source

Demographic

Age Continuous variable USRDS

Sex Male or female USRDS

Race White, Black, Other (as reported on the Medial USRDS
Evidence Form (CMS-2728)

Medicaid eligibility Indicator for dual eligibility during any part of the USRDS
baseline

Census region Based on location of last dialysis center in baseline USRDS
period: Northeast, South, Midwest, West

Year of treatment 2004, 2005, 2006, 2007, 2008 Clinical Database
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Covariate Definition Data Source

Clinical

Vintage Time since start of renal replacement therapy;, USRDS
categorized as 0; 1-3; 4 or more years

Cause of ESRD Diabetes, Glomerulonephritis, hypertension, other USRDS

BMI As reported in the clinical database or the Medical Clinical Database &
Evidence Form ( CMS-2728), categorized as USRDS

Serum creatinine, mg/dL
IV antibiotics use
Anemia Management
Access

EPO dose (baseline)
EPO dose (exposure)
Index TSAT, %

Iron dose, mg
Hemoglobin, g/dL
Ferritin, ng/mL
Serum albumin, g/dL
Comorbidities

Hospital days in last month

of baseline
Infection in last month

underweight, normal, overweight, obese
Most proximal prior to index TSAT date
Use of 1V antibiotics (listed under infection definition)

Most recent vascular access (catheter vs fistula/graft)
prior to TSAT index date

Total EPO dose in the last month of baseline

Total EPO dose in the 2-week exposure window

Last TSAT at baseline

Total dose at last month of baseline.

Most proximal Hb lab prior to index TSAT date

Most proximal serum ferritin prior to index TSAT date
Most proximal prior to index TSAT date

Total hospital days, continuous variable

Any hospital admission in the last month with one of
the following ICD-9-CM diagnostic codes as the
principal diagnostic code: 001-139, 254.1, 320-326,
331.81, 372-372.39, 373.0-373.2, 382-382.4, 383.0,
386.33, 386.35, 388.60, 390393, 421-421.1, 422.0,
422.91-422.93, 460-466, 472-474.0, 475-476.1,
478.21-478.24, 478.29, 480490, 491.1, 494, 510
511, 513.0, 518.6, 519.01, 522.5, 522.7, 527.3, 528.3,
540-542, 566-567.9, 569.5, 572-572.1, 573.1-573.3,
575-575.12, 590-590.9, 595-595.4, 597-597.89, 598,
599.0, 601-601.9, 604-604.9, 607.1, 607.2, 608.0,
608.4, 611.0, 614-616.1, 616.3-616.4, 616.8, 670,
680-686.9, 706.0, 711-711.9, 730-730.3, 730.8—
730.9, 790.7-790.8, 996.60-996.69, 997.62, 998.5, and
999.3.

Any claims with the following HCPCS codes for
antibiotic use in last month of baseline: J3370, J0690,
J0713, J0692, J0696, J1580, J3260, J0278, J1840,
J1956.

Any indication of the use of the following drugs:
Amikin® (amikacin sulfate); ampicillin; Ancef®,
Kefzol® (cefazolin); aztreonam; Cefizox®
(ceftizoxime); Cefotan® (cefotetan); Fortaz®,
Tazicef® (ceftazidime); Claforan® (cefotaxime);
clindamycin; Cubicin® (daptomycin); ethambutol;
gentamicin; Keflin® (cephalothin); Levaquin®
(levofloxacin); Mefoxin® (cefoxitin); Merrem®
(meropenem); nafcillin; Nebcin® (tobramycin);
oxacillin; Penicillin G; Zosyn® (piperacillin and
tazobactam); Primaxin® (imipenem and cilastatin);

46

Clinical Database
Clinical Database

Clinical Database

Clinical Database
Clinical Database
Clinical Database
Clinical Database
Clinical Database
Clinical Database
Clinical Database

USRDS, Medicare Part
A Claims
USRDS, Medicare Part
A Claims

USRDS, Medicare Part
A & B Claims

Clinical Database



Covariate

Definition

Data Source

Pneumonia

Vascular access infection
Sepsis

Diabetes

Ischemic stroke

MI

COPD

Cancer

Gl bleeding

Time-Varying Covariates
Iron dose in previous month

Iron dose in preceding two

months
Hospitalization for infection

Vascular access

Hospital days

IV antibiotics
TSAT level, %

Rocephin® (ceftriaxone); streptomycin; Timentin®
(ticarcillin and clavulanate potassium); Unasyn®
(ampicillin and sulbactam); Vancocin® (vancomycin);
Vibramycin® (doxycycline); Zinacef® (cefuroxime);
Zyvox® (linezolid)

Any ICD-9-CM diagnostic code of 481.xx — 486.xx in
baseline period

Any ICD-9-CM diagnostic code of 996.62 in baseline
period

Any ICD diagnostic code 038.xx, 995.90, 995.91,
995.92 in baseline period

Any ICD-9-CM diagnostic code of 250.xx in baseline
period

Any ICD-9-CM diagnostic code of 434.01, 434.11,
434.91, 435, 436, 437, 438, VV12.54 in baseline period
Any ICD-9-CM diagnostic code of 410.xx in baseline
period

Any ICD-9-CM diagnostic code of 490.xx-496.xx,
505.xx, 506.4 in baseline period

Any ICD-9-CM diagnostic code of 173.3, 173.9,
174.0-175.9, 179-195, 196-199, 232.9, 233.0, 233.1,
300.29, 338.3, 789.51, 795.82, 799.4, V67.2, 200, 201,
202.0-202.3, 202.50-203.01,203.8, 238.6, 273.3 in
baseline period

Any ICD-9-CM diagnostic code of 578.xx in baseline
period

Total iron dose in the first month prior to the exposure
period

Total iron dose in the second and third month prior to
the exposure period

Any hospital admission in the last month with one of
the following ICD-9-CM diagnostic codes as the
principal diagnostic code: 001-139, 254.1, 320-326,
331.81, 372-372.39, 373.0-373.2, 382-382.4, 383.0,
386.33, 386.35, 388.60, 390-393, 421-421.1, 422.0,
422.91-422.93, 460-466, 472-474.0, 475-476.1,
478.21-478.24, 478.29, 480490, 491.1, 494, 510
511, 513.0, 518.6, 519.01, 522.5, 522.7, 527.3, 528.3,
540-542, 566-567.9, 569.5, 572-572.1, 573.1-573.3,
575-575.12, 590-590.9, 595-595.4, 597-597.89, 598,
599.0, 601-601.9, 604-604.9, 607.1, 607.2, 608.0,
608.4, 611.0, 614-616.1, 616.3-616.4, 616.8, 670,
680-686.9, 706.0, 711-711.9, 730-730.3, 730.8—-
730.9, 790.7-790.8, 996.60-996.69, 997.62, 998.5, and
999.3.

Indicators representing most recent vascular access in
the previous month (catheter, graft, fistula, or
other/unknown)

Total hospital days in the previous month

Use of antibiotics during in last interval
Most proximal TSAT level in prior interval
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Covariate Definition Data Source

Ferritin level, ng/mL Most proximal ferritin level in prior interval Clinical Database
Hemoglobin level, g/dL Most proximal hemoglobin level in prior interval Clinical Database
EPO use Total EPO use in prior interval Clinical Database
Serum albumin level, g/dL Most proximal albumin level in prior interval Clinical Database
Serum creatinine, mg/dL Most proximal creatinine level in prior interval Clinical Database
Pre-dialysis systolic blood Median value in prior 2 weeks Clinical Database
pressure

Ultrafiltration rate Median calculated value in prior 2 weeks Clinical Database
Pre-dialysis weight (kg) Median value in prior 2 weeks Clinical Database
Dialysis session length Median value in prior 2 weeks Clinical Database
Post-dialysis weight (kg) Median value in prior 2 weeks Clinical Database

3.2.  Statistical Analysis
3.2.1. Aim 1 Protocol Identification
Study population

The study population for Aim 1 were ESRD patients who were at least 65 years old and
who initiated center-based HD in the US between January 1, 2004 and September 16, 2012 and
had Medicare as the primary insurer.
Index interval

The index interval was the interval anchored by the index TSAT and the subsequent
TSAT.
Dosing protocols

IV iron dosing protocols specify a range of acceptable iron therapy values during an
interval given a subject’s current time-varying laboratory test values for anemia management
parameters. For example, one dosing protocol set a target range of <50% for TSAT, <1200
ng/mL for ferritin, and 13.0 g/dL for hemoglobin. The strategy recommended bolus dosing (100
mg of iron sucrose for 10 consecutive dialysis sessions) if TSAT fell below 20% and ferritin was

below 200 ng/mL. The strategy recommended maintenance dosing (50 mg of iron sucrose
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weekly) if TSAT was between 20-50% and ferritin was between 200-800 ng/mL. If any of the
parameters were to be above the target range or if the patient was receiving IV antibiotics, the
strategy recommended iron be withheld.

Classification of dosing protocols was carried out in the index interval following index
TSAT (Figure 3.4). The choice of anchoring on a TSAT measurement was because evaluation of
IV iron administration typically occurs following the availability of iron status tests (TSAT and

ferritin) in clinical practice.

HD start
Index

protocol
Index
TSAT TSAT TSAT TSAT TSAT
I J I >3month on HD \ L L
-6m -3m 0 tl 2 t3
Baseline period Index
Medicare Part A & B coverage month

Figure 3.4. Schematic of study design for aim 1

Methods

The initiated dosing protocols D(d, p)| 8, 7, . were characterized by a set of parameters
(8, 7, 4, 0, p), where 8= TSAT level, y= ferritin level, 2= having diagnoses of infection or use of
IV antibiotics, hospitalization or blood transfusion, o= iron dosage, and p= iron treatment
frequency. Each protocol specified a range of acceptable treatment values for iron use depending
on the value of iron status test level and status of infection or IV antibiotic use. | developed an
identification approach for dosing protocols using an assessment window following the index
TSAT. For each patient, the iron treatment experience in the assessment window was examined

to see with which protocol(s) it was consistent.
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The initiated protocols were summarized in a figure depicting how IV iron dosage,
administration frequency, and iron status parameters relate in individual protocols.
Characteristics of patients initiating different dosing protocols were described. The trend of
protocol initiation was examined over the calendar years and region of residence during the study
period.

Logistic regression was used to estimate for each patient the probability of receiving a
particular IV iron dosing protocol given observed characteristics and identify the most important
baseline factors that contribute to the initiation of a particular protocol. Potential factors included
demographic characteristics, comorbidities, medications, and healthcare use in the baseline
period.

Strengths
e The detailed information on dialysis procedures, IV medication, and laboratory test
values in the clinical research database offered a great opportunity to examine how 1V
iron is used for anemia management in HD patients. These patients receive dialysis
treatment three times a week, and the clinical research database captured the amount of

IV iron use, 1V iron formulation, and EPO dose administered, as well as clinical values

and laboratory values from each visit. The granularity of the clinical data helped us

understand how IV iron was used and classify dosing protocols in everyday clinical
practice.
e The size and diversity of the population derived from the linked databases merging the

USRDS and a clinical research database from a large dialysis provider allowed for

examination of 1V iron use for anemia management among general HD patients in the

us.
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Challenges
e No data were available on IV medications administered during hospitalization. It was
unclear if a patient was continuing the dosing protocol from the outpatient dialysis
facility or using a different protocol when staying in the hospital. All candidate protocols
were assigned to patients if they were hospitalized during the assessment window.
e The prescribed dosing protocols were not available, thus it was challenging to evaluate
the performance of the identification approach. I used knowingly previously implemented
dosing protocols as a positive control. Their high prevalence of initiation speaks to the
validity of the performance of the identification approach.
3.2.2. Aim 2 Comparative Safety of Protocols

I compared a set of commonly used 1V iron dosing protocols with respect to the risks of
all-cause mortality and infection-related hospitalization and mortality using inverse probability
of censoring weighted estimation of MSMs, 172173
Study population

The study population included incident HD patients who initiated one of the commonly
used IV iron dosing protocols for anemia management between January 1, 2009 and September
16, 2012. This cohort was a subset of the cohort in Aim 1 by restricting to patients who initiated
the commonly used dosing protocols between 2009 and 2012.
Exposure

The exposure of interest was commonly used IV iron dosing protocols identified in Aim
1. One of the most frequently initiated protocols was used as the reference protocol. Assessment
of index dosing protocols were carried out in the first two weeks following the index TSAT.

Although brief, the two-week window was representative of treatment experience in the interval.
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Figure 3.5. Schematic of study design for aim 2

Deviation

During follow-up, the observation of an individual was discretized into intervals
anchored by TSAT measurements. The two-week window following each TSAT lab was used to
classify what dosing protocol this individual was following. An individual was classified as
deviating from the index dosing protocol if the dosing protocol within the current interval was
different from the index protocol. The date of deviation was the end of the two-week exposure
window when the individual first deviated from the index protocol. Patients who deviated from
their index protocols were artificially censored. Potential selection bias introduced by this
informative censoring was adjusted for by inverse-probability weighting as described below.
Outcome

The outcomes were all-cause mortality and the composite outcome of infection-related

hospitalization or mortality. Table 3.6 lists the detailed definitions for outcomes.

52



Methods

Descriptive analyses described the characteristics of the subjects and their baseline
comorbidities using percentages or medians and quartiles as appropriate.

Survival time was measured from the IV iron dosing protocol initiation to outcome event
of interest. Patients were administratively censored at December 31, 2012, or occurrence of one
of the following: event of interest, 120 days since index date, receipt of kidney transplantation,
the time of switching dialysis modality, loss to follow-up, disenrollment from this dialysis
provider or loss of Medicare coverage. Patients who deviated from the index dosing protocols
during follow-up were artificially censored. Deviation from initial dosing protocol was assessed
to identify important predictors for treatment deviation. Survival plots for compliance of index
dosing protocols were created using Kaplan-Meier survival curves.'®!

| estimated the cumulative risk of each outcome of interest using the complement of the
Kaplan-Meier survival function®! for each dosing protocol and calculate cumulative incidence
differences between each dosing protocol and the reference protocol during the follow-up period.
One of the most frequently used dosing protocols was used as the reference protocol. The 95%
confidence intervals for the cumulative incidence differences were estimated using a non-
parametric bootstrap procedure. | performed four different analyses.

1) Crude intention-to-treat effect of treatment

This approach summarized the effect of initiating one dosing protocol versus the
reference protocol on each outcome of interest. Protocol deviation in the follow up was ignored.

No adjustment was done to control for baseline confounding.
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2) Crude effect of continuous compliance not adjusted for informative censoring

Individual observation during follow-up was discretized into intervals anchored by TSAT
laboratory tests. Patients who deviated from the index protocol were artificially censored. Once
censored for deviation, patients could not reenter the study population. No adjustment was done
for potential selection bias arising from such censoring or for baseline confounding control.

3) Effect of continuous compliance not adjusted for informative censoring

With the same setup as the second analysis, patients who deviated from their index
protocol were artificially censored. I compared the effect of initiating and continuing each
treatment protocol versus the reference group on each outcome of interests. Standardized
mortality ratio weights (SW;") were estimated at the index date to adjust for baseline
confounding by weighting initiators of each comparator protocol using the reference protocol
initiator group as the standard.*%>1% Weights were estimated using a logistic regression model
that included baseline risk factors for outcome event of interest which also predicted protocol
initiation. I used basic splines to flexibly model continuous variables. Potential selection bias
introduced by artificial censoring due to protocol non-adherence was ignored.

4) Effect of continuous compliance adjusted for informative censoring

This approach used the same data structure in Analysis 3) described above. This analysis
estimated the effect of continuing each dosing protocol versus the reference protocol on each
outcome of interest adjusting for informative censoring due to protocol non-adherence using a
product of standardized mortality ratio weights (SW;)1921% for baseline confounding control and
inverse probability of censoring weights for deviation (SW;?) for selection bias.*"3*/"17°

We fitted censoring model to each protocol group separately to allow for different

mechanisms that might have contributed to each group. For each interval anchored by TSAT
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measurements, we estimated the probability of deviation given potential covariates associated
with both deviation and outcomes using a Cox proportional hazards model. These covariates
included baseline covariates and the most recent time-varying covariates in the interval prior to
the 14-day assessment window in which deviation was thought to have occurred. Patients who
experienced outcomes of interest were weighted inversely using the probability that the failure
time was observed to account for potential informative censoring due to deviation.

We first estimated the cumulative incidence of adverse outcomes in initiators of each
dosing protocol separately. We then estimated the cumulative incidence differences between
each protocol and the reference protocol during the follow-up period. The 95% confidence
intervals (CI) for cumulative incidence differences were estimated using a non-parametric
bootstrap procedure with 200 repetitions. We conducted sensitivity analyses by using different
covariates for censoring weighting estimation.

Assuming no unmeasured covariates that contributed to deviation from the index
protocols and also to the outcomes of interest, this weighting approach adjusted for the time-
varying selection bias due to artificial censoring. This approach estimated the effect of continued
compliance with initiated dosing protocols on the outcomes of interest.

During the index assessment window, a patient’s treatment experience might be
consistent with multiple administration strategies. | created k copies of the same patient for k
strategies she was consistent with initially. Within each strategy group, the copy of the patient
was followed up until she deviated from the respective index strategy. As described previously,
patients who deviated from index administrations strategy were artificially censored at the end of
14-day assessment window. The remaining patients were weighted by the probability that they

stayed on the index strategy to estimate the risks of all-cause mortality and infection-related
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hospitalization or mortality. These patients were also censored for reasons other than deviation as

described previously, but the cohorts were not reweighted to account for possible dependent

censoring related to these additional events.

Strengths

Most previous observational studies on IV iron evaluated cumulative iron doses over a period
of time, which could classify two different dosing protocols, one with smaller doses and
more frequent treatments and another with larger doses and infrequent treatments, into the
same category based solely on the aggregated dose. This made it difficult to understand the
safety of IV iron use in HD patients without differentiating the effectiveness and safety of
different IV iron dosing strategies. To my knowledge, this thesis is the first to compare
different dosing protocols and examine their safety profile of longer-term effects, providing
evidence to help identify optimal treatment protocols for anemia management in HD patients.
The weighted survival curves provide an easy presentation of the outcome risks over the
entire follow-up period and estimation of cumulative incidence risks that are clinically

relevant and interpretable.

Challenges

As the study population were patients on HD from a single dialysis managing company,
results from this study may not be completely generalizable to patients who receive HD from
other dialysis providers. However, this company is one of the largest dialysis providers in the
US and provides services to approximately one third of all Americans with ESRD receiving
dialysis. Selected from their large clinical database with few exclusion criteria, the study
population had characteristics similar to a general ESRD patients receiving dialysis in the

us.
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e There is potential for unknown confounders not included in the model for protocol initiation
or model for protocol non-adherence and hence the effect estimates are subject to residual
confounding and selection bias. However, the clinical research database and the USRDS
database contain rich, frequently measured clinical, laboratory, treatment, and demographic
variables that reduce the chance of strong residual confounding. Additional investigation is
needed to explore the extent of residual confounding.

e It is possible but unlikely that patients excluded from the study had a different distribution of
factors associated with deviation compared to patients included in the study, so the amount of
selection bias was small.

e The outcomes based on claims-based algorithms are subject to some measurement error.
However, the potential for measurement error of mortality outcome was low as the ESRD

Death Notification form identifies more than 99% of HD patient deaths. %8

3.3. Human Subjects

This research project used de-identified data from existing databases and involved no
direct contact with the patients in this study or access to personal identifying information,
incurring no direct physical or psychological risks to these patients. The full database as well as
all interim and analytic datasets were stored on a secure Pharmacoepidemiology server located at
the Cecil G. Sheps Center for Health Services Research, University of North Carolina at Chapel
Hill, North Carolina. Access to the data on the server was via password-protected secure remote
connections and was limited to project personnel. Copies of the data were not made or
transmitted outside of these guidelines. This study was approved by the Non-Biomedical

Institutional Review Board (IRB) at University of North Carolina at Chapel Hill.
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CHAPTER 4: IDENTIFICATION OF DYNAMIC TREATMENT REGIMES IN
COMPLEX LONGITUDINAL DATA1

4.1. Introduction

Clinical management of patients with chronic disease frequently involves sequences of
treatment decisions regarding treatment, dose adjustments, testing, and use of add-on therapies.
For example, almost all end-stage renal disease (ESRD) patients maintained on chronic
hemodialysis receive intravenous (1V) iron therapy to help manage anemia by correcting iron
deficiency. Patients receiving IV iron for anemia management have laboratory tests evaluated on
a regular basis. The levels of hemoglobin and iron status parameters—transferrin saturation
(TSAT) and ferritin—inform the dosage level and frequency of IV iron administration for the
next treatment course.*>51%° Treatment strategies involving decision rules to make treatment
recommendations based on evolving clinical history are termed “dynamic treatment regimes”.®3
Other examples of dynamic treatment regimes include treatment of HIVV/AIDs, 64165
management of type 2 diabetes,*®” and cholesterol control.*®® Increasingly clinical guidelines
present recommendations in this dynamic format,164-168

Dynamic treatment regimes can be evaluated directly in randomized controlled trials in
which patients are randomized to one of a set of different regimes that specify how treatments
and tests are to be used given a patient’s evolving clinical history. Additionally, designs such as

sequential, multiple assignment, randomized trial (SMART) allow construction and comparison

of dynamic treatment regimes to identify the optimal regime.'%% However, in the settings of

1 This section was submitted to Epidemiology.
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multiple candidate regimes with differing therapy options and management goals, trials would
likely be prohibitively expensive and impractical. Consequently, in practice, trials of dynamic
treatment regimes tend to compare a few limited options. For example, currently completed trials
for 1V iron in hemodialysis patients have only evaluated static regimes such as “125 mg ferric
gluconate with eight consecutive dialysis sessions”.® Static regimes, in contrast to dynamic
regimes, specify a fixed treatment strategy at the start of treatment and stay unchanged during the
course of treatment, making them suboptimal for patients with changing response to treatment
and evolving clinical needs. Consequently, despite the completion of several randomized trials,
there still remains considerable uncertainty in the best practice for 1V iron administration for
anemia management in hemodialysis patients.1:222325197 As anemia affects almost all
hemodialysis patients with ESRD, comparative effectiveness research of different iron
administration strategies is needed to identify the optimal treatment approaches to iron treatment.
Currently, epidemiologic and statistical methods exist that can be used to estimate the
effect of dynamic treatment regimes using observational data.}"3-18%1% However, these methods
require accurate assessment of the treatment decisions being made by the physician as well as the
clinical and laboratory variables that guide such treatment decisions. Increasingly available large
healthcare databases containing rich, granular patient-level information may make such
approaches more feasible. For example, for ESRD patients on chronic hemodialysis, linked
clinical and administrative research databases exist that contain detailed longitudinal information
on patients, including medication treatment, routine laboratory tests, and healthcare encounters.
These data arguably provide all relevant information needed to assess the effectiveness of
different IV iron administration strategies in hemodialysis patients. Yet even with suitable data,

one can only estimate the effectiveness of treatments and treatment regimes that actually occur in
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practice. In other words, if certain sequences of treatment decisions are never made, the data
will not be informative about the effects of protocols that would dictate such treatment decisions.
In this study, we aimed to develop a process to identify treatment regimes that could be
evaluated given a particular data source. We considered regimes that prescribe a range of
treatment values based on multiple time-varying covariates by using IV iron administration

strategies for anemia management in hemodialysis patients as an example.

4.2.  Methods
Data source, study design, and study population

We constructed our study cohort using data derived from the clinical research database of
a large dialysis provider in the United States, linked with the United States Renal Data System
(USRDS) (2004-2012).1881%9 With over 2,042 dialysis centers located throughout the country,
this company provides services to approximately one third of all Americans with ESRD
receiving dialysis.'®® We obtained detailed clinical information regarding patients’ dialysis
treatments, vascular access, routine laboratory tests, IV medications, and anemia management
using the clinical research database. We obtained patient information regarding their
demographic characteristics, comorbidities, and healthcare system encounters from the USRDS.
The study was approved by the University of North Carolina at Chapel Hill Institutional Review
Board, Chapel Hill, NC, USA.

We used a cohort design with the index date for 1V iron administration strategy defined
as the first time a TSAT test result became available within 90-136 days after dialysis initiation.
The choice of anchoring on a TSAT measurement was because evaluation of IV iron

administration strategy typically occurs following the availability of iron status tests (TSAT and
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ferritin) in clinical practice. Results of iron status tests are typically interpreted together with
hemoglobin levels and ESA doses to guide iron therapy including the dose and duration, 131510
We defined the TSAT measurement on the index date as the index TSAT. We assessed the levels
of ferritin and hemoglobin on the same day. If ferritin and hemoglobin values were not available
on the index date, values were obtained from their previous measurements in the baseline period.
The baseline period was defined as the period starting 90 days prior to dialysis initiation and
ending on the day before the index date. We defined the interval between index TSAT and its
subsequent TSAT measurement as the index interval, where the strategy that guided IV iron
administration was the focus of this article (Figure 4.6).

Our study population comprised outpatient hemodialysis patients who initiated in-center
hemodialysis between 1 January, 2004 and 16 September, 2012. Patients included were aged 65
and older and who had Medicare as their primary insurer, continued hemodialysis for at least 90
days, and had complete information on baseline covariates and IV iron exposure. To ensure
patients were receiving regular in-center hemodialysis and anemia management, we excluded
patients who had fewer than nine dialysis sessions in the last month of baseline period or no
TSAT measurement during the 120 days following dialysis initiation. We also excluded patients
if they had polycystic kidney disease because their management strategies of IV iron could differ
(see Appendix A).

Strategy identification process

The identification was an iterative process that consists of four major steps: 1.

Development of candidate administration strategies; 2. Determination of assessment window; 3.

Identification of administration strategies; 4. Fine-tuning of identification process.

61



We defined an administration strategy as a dosing protocol or dosing strategy that a
clinician uses to make treatment decisions. A strategy consisted of a set of decision rules with
laboratory test values and corresponding dosage patterns. In this IV iron example, dosage
patterns referred to the iron therapy patients received, including the dosage level for each session
and therapy frequency in a period of treatment.

Step 1- Development of candidate administration strategies

We considered IV iron administration strategies that specified a range of acceptable iron
therapy values during an interval given a subject’s current time-varying laboratory test values for
anemia management parameters. For example, this example administration strategy (see
Appendix B) set a target range of <50% for TSAT, <1200 ng/mL for ferritin, and 13.0 g/dL for
hemoglobin. The strategy recommended bolus dosing (100 mg of iron sucrose for 10 consecutive
dialysis sessions) if TSAT fell below 20% and ferritin was below 200 ng/mL. The strategy
recommended maintenance dosing (50 mg of iron sucrose weekly) if TSAT was between 20-
50% and ferritin was between 200-800 ng/mL. If any of the parameters were to be above the
target range or if the patient was receiving IV antibiotics, the strategy recommended iron be
withheld.

We developed administration strategies from existing dosing protocols in routine clinical
use and modified them through consultations with experts. Two sets of administration strategies
were considered, one set with hemoglobin as a deciding factor, and another set without
hemoglobin restriction. Definitions of the strategies are listed in Appendix C. The strategies
varied in terms of cut-off laboratory test levels and corresponding iron dosage pattern choices.
The strategy definitions were updated by incorporating the choice of assessment window and the

distribution of dosage levels in the data in Step 2. We examined the influence of three laboratory
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tests on the decision for iron therapy by assessing the distribution of a particular laboratory test
across different iron dosage patterns. The results presented in this article focused on the set of
administration strategies with influential laboratory tests.

Step 2- Determination of assessment window

We developed a data visualization tool using ggplot2 package in the R statistical package
to examine patient-level data, including laboratory test values, clinical data, treatment
information, and healthcare system encounters.?%° The visualization tool depicted the patient
journey with treatment and her clinical condition evolution across time using two panels
(Appendix D). The top panel illustrated the changes in anemia management parameters, while
the bottom panel presents the 1V iron dosage level received at each dialysis session, occurrence
of hospitalization, skilled nursing facility stay, hospice use, and 1V antibiotic use (a marker for
active infection).

To inform the length of assessment window and classification of iron dosage patterns, we
examined the patient journey of a random sample of eligible patients in the cohort using this data
visualization tool. The length of assessment window was chosen so that it maximized the
representativeness of treatment experience in the window for the treatment experience in the
interval while minimizing the days required for the assessment window to maximize follow-up
time for subsequent studies evaluating effect of strategies on health outcomes. The dosage
patterns in the assessment window were classified into groups by prorating iron dosage levels for
different dosage patterns specified in the candidate strategies over the chosen assessment
window. These dosage patterns were then incorporated into the candidate administration

strategies.
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Step 3- Identification of administration strategies

We identified IV iron administration strategies that were consistent with treatment
patterns in the assessment window for index interval. For each patient, we compared three
laboratory test levels (TSAT, ferritin, and hemoglobin) on the index date together with the
dosage pattern in the assessment window with the candidate administration strategies to identify
consistent strategies. The consistent strategies were then assigned as the index administration
strategy for that patient. Because considered strategies contained overlapping target ranges for
anemia management parameters and same treatment patterns for some ranges of laboratory
value, multiple strategies could be consistent with a patient’s treatment history and be assigned
for that patient.
Step 4- Fine-tuning the identification process

Strategy identification drew information from a patient’s treatment history in the
assessment window. Insufficient information could have been resulted from hospitalization, use
of IV antibiotics during active infection, or use of blood transfusion during the strategy
assessment window. For patients with insufficient information in the assessment window, all
candidate administration strategies were assigned to their index intervals.
Evaluation of strategy initiation

We examined the distribution of initiated administration strategies in the study period
2004-2012. Important predictors for strategy initiation were identified by assessing their
standardized mean differences between patients who initiated a strategy and those who initiated
other strategies. Potential predictors included patient demographic characteristics, clinical

characteristics, and comorbidities. We also examined the trend of initiation across calendar year
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and region of residence. All analyses were performed in R, version 3.3.1 (R Foundation for
Statistical Computing, Vienna, Austria) or SAS 9.4 (SAS Institute, Inc., Cary, North Carolina).
For dosage patterns that could not be matched with the candidate strategies, we detected
interaction using classification and regression trees (CART).2%! The objective was to identify
baseline predictors for the use of different dosage patterns in the assessment window and
summarize these unique practice patterns. Potential predictors included measures of
demographics (race/ethnicity, age, gender), infection, transfusion, days in the hospital, type of
access, iron status tests, and hemoglobin). Trees were built by recursive portioning, and cross-
validation was used to prune the tree. The importance of factors for initiation of these unique

practice patterns was evaluated using random forest.2%

4.3. Results

Identification process

We focused on administration strategies initiated in the index interval defined by the first
two consecutive TSAT laboratory tests after the baseline period. As informed by explorative
analysis with the data visualization tool (Appendix D), treatment patterns in the two-week
window following the index TSAT measurement was representative of the treatment experience
in the interval. We used the two-week window starting from the index date as assessment
window for identification of IV iron administration strategies in the index interval.

Between 2004 and 2012, 43,166 patients met the eligibility criteria for study entry and
were included in the cohort (Appendix A). Table 4.8 presents their baseline demographic and
clinical characteristics. Overall, about half of the cohort were female, and a quarter of them were

black. The mean age was 75.8 years. The length of index interval has a median of 28 days
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(interquartile range [IQR]: 28-35 days), with 995 (2.3%) shorter than 14 days and 429 (1.0%)
longer than 120 days.

The 1V iron dosage pattern in the two-week assessment window was categorized into five
levels: bolus dosing (> 500 mg), half bolus dosing (201-500 mg), maintenance dosing (101-200
mg), low maintenance dosing (1-100 mg), and none (0 mg) (Appendix E). More than half of the
patients initiated dosage patterns with lower doses or no iron in the index interval. The most
frequently initiated pattern was low maintenance dosing (32.9%, median (IQR) of iron dose: 100
(50-100) mg). About 7.5% of patients were treated with bolus dosing (median (IQR): 600 (600-
600) mg). The distribution of the iron status tests on the index date, TSAT and ferritin, were
different among patients initiated with different dosage patterns (Appendix E and Figure 4.7).
The levels of these tests were inversely associated with the dosage pattern initiated. In
comparison, the distribution of hemoglobin levels was similar among these dosage patterns, and
the proportion of dosage patterns did not change much across hemoglobin levels (results not
shown), suggesting that hemoglobin was not playing a huge role in the decision for
administration strategies during this study period.

Figure 4.8 shows how dosage pattern initiation was related to levels of TSAT and ferritin
simultaneously. For patients with TSAT greater than approximately 50% or ferritin greater than
800 ng/mL, no IV iron was given. For intervals with TSAT levels below 50% and ferritin levels
below 800 ng/mL, there was considerable heterogeneity in dosage patterns, suggesting different
strategies were guiding treatment decisions and we could exploit this variation to compare effect

of various IV iron dosing strategies.
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Results of administration strategies

Explorative analyses showed little influence of hemoglobin levels on initiation of dosage
patterns, so we focused on the strategies without hemoglobin restrictions in the following
sections. Appendix C listed definition of all candidate strategies.

Between 2004 and 2012, 79.1% of 43,166 patients had treatment experience consistent
with one or more candidate administration strategies, and 20.9% of them were not matched to
considered strategies. Among the eight strategies without hemoglobin restriction, the three most
frequently initiated were strategy 2 (54.8%), strategy 3 (52.3%), and strategy 1 (52.2%) (Table
4.9); the least frequently initiated strategy was strategy 5 (34.2%).

Year and regional trend of protocol initiation

Figure 4.9 shows the trend of strategy initiation persisted across calendar years, with the
first three strategies more frequently initiated. However, the proportion of patients initiating
these three strategies increased sharply in 2011 and 2012, whereas the proportion of patients
initiating other strategies stayed constant. Consequently, the prevalence of treatment patterns that
could not be matched dropped dramatically from 25.0% in 2004 to 11.6% in 2011 and to 9.3% in
2012. There was not much variation in the initiation of strategies across regions (Appendix F).
Characteristics of patients initiating different protocols

Baseline characteristics of patients initiating candidate strategies were similar, suggesting
little confounding by indication at baseline (Figure 4.10). The distribution of initiation
throughout calendar year was different for strategy 1, strategy 2, and treatment patterns not
matched. Compared to patients who were matched with candidate strategies, patients who could
not be matched had different laboratory test values (lower TSAT and ferritin levels and higher

hemoglobin level) and prevalence of comorbidities, specifically lower infection risks in the last
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month of the baseline period. They also spent fewer days in the hospital and received fewer
transfusions in the baseline period.
Characteristics of treatment patterns that could not be matched

These practices were collapsed into 10 different exception rules (Figure 4.11). The
important factors that predicted which pattern to initiate were TSAT, ferritin, total Epoetin
received, post-dialysis weight in the last two weeks, creatinine, pre-treatment systolic blood
pressure in the last two weeks, hemoglobin, age, and albumin level.
4.4. Discussion

We developed an identification process for dynamic treatment regimes in complex
longitudinal, observational data when it is not known what regimes may be in use in a given
population. We aimed to systematically construct cohorts of patients initiating treatment
strategies under consideration for comparative effectiveness research studies. This identification
approach matches treatment pattern and current laboratory test values with candidate strategies
by consistency; whereas candidate strategies are constructed using expert’s knowledge and
examination of patient-level data using visualization techniques. This approach allows pragmatic
classification of dynamic treatment regimes for causal inference using rich observational data.

We applied this identification process in an empirical example of IV iron administration
strategies for anemia management in ESRD patients undergoing chronic hemodialysis. Between
2004 and 2012, 79% of patients were matched with one or more strategies under consideration.
The prevalence of match increased sharply starting in 2010 to 91% in 2012. The increasing trend
of matches across calendar years was consistent with the fact that the installation of
administration strategies occurred in recent years in dialysis clinics.?>?118° The baseline

characteristics of patients initiating different strategies were very similar, indicating little
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confounding by indication at baseline, which improves our ability to compare these strategies
with respect to their effects on outcomes.

The identification process fits well with the need for estimation of the effect of dynamic
treatment regimes in non-experimental settings. Time-varying confounding is a pertinent
problem in evaluating complex medical decisions that change with patients’ evolving clinical
needs, but has not been sufficiently investigated. Cumulative exposures are often examined in
the literature using marginal structure models. However, our data visualization tool revealed that
aggregated cumulative exposures over a long period could mask the substantial heterogeneity
among patients’ experience. Moreover, studies of cumulative exposures do not align with
decisions made by clinicians. For example, clinicians treating dialysis patients do not make
decision about how much cumulative iron to provide a patient over an extended time period,
although contemporary dosing schedules have an upper limit of cumulative dose over 3 or 6
months. Instead, they want to know when to provide a course of iron and how to provide it.
Comparative effectiveness research of dynamic treatment regimes is clearly needed in many
contexts.

Without the information on the exact regime a patient was treated under, there was no
direct way to evaluate the performance of this identification process. However, positive controls
such as knowingly implemented strategies in routine clinical care could help gauge the
performance of classification. In this empirical example, we considered three strategies that were
adapted from known pre-existing dosing protocols. These strategies were more highly initiated
and adhered to relative to the other strategies, and the trend of the rapid uptake in recent years
was also consistent with their installation in clinical practice around 2010, confirming the

performance of the identification approach.
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This identification approach could assign multiple strategies to a single patient at a point
of time, if the strategies under consideration are not entirely distinct, which is common in
practice. When two strategies prescribe same treatment in certain ranges of laboratory test
values, the treatment experience of a patient receiving that treatment would be consistent with
both strategies. Well-developed statistical methods exist to help us make valid inference on the
effect of these regimes on outcome of interest, 173176180

This identification process can be easily adapted for other dynamic treatment regimes,
but adaptation needs to be evaluated on a study-by-study basis. It can also be extended for more
complex strategies. In addition to hemoglobin, iron status tests, and infection status, some
guidelines recommended incorporation of erythropoiesis-stimulating agent (ESA) doses and
trend of iron status tests.*>51%° Although we did not consider ESA doses and the trend of iron
status because the knowingly implemented strategies did not consider these factors, the role of
these additional factors on 1V iron administration could be explored in future studies.

Data visualization was a helpful tool that provided insight into the data structure and
informed strategy identification. Extensive examination of patient-level data with complex data
visualization revealed that aggregated cumulative iron exposure over a long time period would
mask heterogeneity across patients. Patients with same total or average iron doses over a fixed
time period could have different treatment and clinical experience with respect to iron treatment
frequency, treatment intensity, and healthcare encounters. The data visualization tool helped
determine the assessment window for strategy identification. It also illustrated that a longitudinal
treatment decision design with intervals anchored by the TSAT laboratory tests had advantages
over the fixed-length interval design for this current study (results not shown). Using this tool, it

is easy to view the whole patient journal across time in a fast manner, including outcomes of
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interest. However, caution needs to be exercised to not condition the study or cohort construction

on the outcome status when using this tool.

4.5.  Conclusion

With the increasing availability of detailed healthcare data and sophistication of methods,
we have a great opportunity to improve the clinical management of complex patient care using
existing data. We illustrated the use of an approach to identify dynamic treatment regimes that
could be evaluated in a large observational database. Furthermore, we demonstrated the use of
data visualization that provided insights into the complexity of data structure and helped us
identify appropriate exposure assessment, study design, and analytical approaches for study

questions of interest.
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Table 4.8. Baseline characteristics for eligible patients included in the cohort, 2004-2012

Overall (N = 43,166)

N %
Age, year
Mean (SD) 75.8 (6.8)
Median (IQR) 75 (70-81)
65-74 19,959 46.2
75-84 18,150 42.0
85-94 4,951 11.5
95- 106 0.2
Sex of patient
Male 22,249 515
Female 20,914 48.5
Unknown <11 0.0
Race
White 31,080 72.0
Black 10,109 23.4
Other 1,977 4.6
Region
Midwest 9,510 22.0
Northeast 6,380 14.8
South 19,035 44.1
West 8,234 19.1
Others <11 0.0
Primary cause of ESRD
Diabetes 19,447 45.1
Glomerulonephritis 2,267 5.3
Hypertension 15,756 36.5
Other reason 5,633 13.0
Missing 63 0.1
Year of protocol start
2004 3,724 8.6
2005 5,287 12.2
2006 5,118 11.9
2007 5,182 12.0
2008 5,053 11.7
2009 5,397 12.5
2010 5,290 12.3
2011 4,191 9.7
2012 3,924 9.1
Time on dialysis
0 43,166 100
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Comorbidities
Vascular access infection, baseline last month
Pneumonia, baseline last month
Sepsis, baseline last month
Infection, ADR definition, baseline last month
Antibiotic use, baseline last month
IV antibiotics in clinic, baseline last month
Infection (broad definition) baseline last month
Diabetes
Hypertensive disease
Congestive heart failure
Myocardial infarction, acute
Angina
Coronary artery disease/atherosclerosis
Ischemic stroke
Intracerebral hemorrhage
Subarachnoid hemorrhage
Hemorrhagic stroke
Cerebrovascular disease

Chronic obstructive pulmonary disease &
asthma

Hyperlipidemia

Cancer

Liver disease

Gastrointestinal bleeding & ulcer
Peripheral vascular disease
Rheumatic heart disease
Psychiatric disorder

Substance abuse

Autoimmune disorder

Blood loss anemia

Other neurological disorders
Hyperparathyroidism

Chronic heart disease procedures
Blood transfusion

Rheumatoid arthritis/collagen vascular disease
Neuropathy

Osteoarthritis

Osteoporosis

History of fall

Anemia Management in last month of baseline period

Access
Catheter

534
868
846
1,238
6,716
4,600
8,910
29,203
41,738
27,528
4,297
3,726
24,601
3,429
120

46

287
9,164

14,134

23,359
8,601
1,661
1,206

11,483
2,871
2,233
2,386
1,755
2,481
4,645
1,678
2,519

14,163
1,130
8,335
7,522
1,555
1,603

27,410

1.2
2.0
2.0
2.9
15.5
10.6
20.6
67.5
96.5
63.7
9.9
8.6
56.9
7.9
0.3
0.1
0.7
21.2

32.7
54.0
19.9
3.8
2.8
26.6
6.6
5.2
5.5
4.1
5.7
10.7
3.9
5.8
32.7
2.6
19.3
17.4
3.6
3.7

63.5



Fistula
Graft
Missing

Pre-treatment SBP, mmHg
Post-treatment weight, kg

Hospital days

Total iron dose, mg
TSAT, %

Ferritin, ng/mL
Hemoglobin, g/dL
Albumin, g/dL
Creatinine, mg/dL

TSAT, %

Ferritin, ng/mL
Hemoglobin, g/dL
Albumin, g/dL
Creatinine, mg/dL

10,033
5,331
392

143.0 (129.0-158.5)

71.8 (61.0-84.2)
0 (0-0)

60.5 (24.2-118.8)
200 (75-500)

22 (17-29)

292 (155-520)
12.1 (11.1-13.2)
3.6 (3.3-3.9)

5.0 (3.8-6.4)

Anemia Management on index date”

25 (18-33)

341 (184-582)
12.3 (11.3-13.3)
3.7 (3.4-3.9)
5.20 (3.92-6.61)

23.2
12.4
0.9
144.2 (22.2)
73.9 (18.2)
0.6 (1.9)

Anemia Management at last month of baseline period?
Total EPO dose, 1000 units/month

85.1 (84.2)
337 (357)
24.4 (11.9)
398.5 (402.4)
12.1 (1.6)
3.6 (0.5)

5.2 (2.0)

27.5 (13.6)
440.2 (405.4)
12.3 (1.5)
3.6 (0.4)

5.4 (2.1)

SD=Standard deviation; IQR=interquartile range; ESRD=end stage renal disease; ADR=annual
data report; TSAT=transferrin saturation; EPO=Epoetin
8If laboratory tests in the last month of baseline were missing, the previous test values were used,;
bIf a laboratory test was missing on index date, the last non-missing test values were used.

For all continuous variables, the first column is median (IQR), and the second column is mean

(SD).
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Table 4.9. Identified IV iron administration strategies in 2004-2012

Number Number of consistent strategies Strategy Prevalence of initiation

N %? N %P
0 9,023 20.9 strategy 1 22,532 52.2
1 5,188 12.0 strategy 2 23,663 54.8
2 5,731 13.3 strategy 3 22,570 52.3
3 5,901 13.7 strategy 4 18,100 41.9
4 2,394 5.5 strategy 5 14,782 34.2
5 1,728 4.0 strategy 6 16,146 37.4
6 621 1.4 strategy 7 18,900 43.8
7 1,162 2.7 strategy 8 19,080 44.2
8 11,418 26.5 Other 9,023 20.9

®These percentages describe the proportion of 43,166 patients were consistent with a specific number of
strategies, so they sum up to 100%.

bThese percentages describe the proportion of 43,166 patients were consistent with a specific strategy.
Because multiple strategies could be consistent to one patient’s treatment history, so these percentages do
not sum up to 100%.
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Protocol
assessment window

Index
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Y
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Baseline period : Index
interval

Figure 4.6. The scheme of study design describes the index date and index interval in relation to
hemodialysis initiation and iron management parameters
HD=hemodialysis IV=intravenous; TSAT=transferrin saturation.
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Figure 4.7. Distribution of laboratory tests across dosage patterns in the assessment window
B=bolus dosing (> 500 mg); HB=half bolus dosing (201-500 mg); M=maintenance dosing (101-
200 mg), LM=low maintenance dosing (1-100 mg); N=none (0 mg).
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Figure 4.8. The joint density of dosage patterns across levels of TSAT and ferritin
B=nbolus dosing (> 500 mg); HB=half bolus dosing (201-500 mg); M=maintenance dosing (101-
200 mg), LM=low maintenance dosing (1-100 mg); N=none (0 mg).
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Figure 4.9. Trend of matched IV iron administration strategies across calendar year in the study
period 2004-2012
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CHAPTER 5: COMPARATIVE EFFECTIVENESS OF INTRAVENOUS IRON
ADMINISTRATION STRATEGIES IN HEMODIALYSIS PATIENTS

5.1. Introduction

Anemia, a common complication of end stage renal disease (ESRD),* is associated with
elevated morbidity, mortality, and healthcare costs.> A primary cause of anemia in ESRD is iron
deficiency, particularly among patients requiring hemodialysis. Iron deficiency can be classified
into absolute iron deficiency and functional iron deficiency; their causes are multifactorial.
Absolute iron deficiency, depleted iron stores, is frequently a result of blood loss, reduced intake,
and impaired intestinal absorption of dietary iron® Functional iron deficiency, insufficient iron
availability at the site of erythropoiesis despite adequate iron stores, can be caused by chronic
inflammation associated with ESRD or elevated hepcidin levels.® Overall, hemodialysis patients
lose an average of 1-2 g of iron per year, and some as much as 4-5 g per year.* Management of
iron deficiency to meet the need for erythropoiesis is thus essential for optimal management of
anemia in ESRD patients.

In contemporary clinical practice, intravenous (1V) iron is either provided intermittently
via large doses over consecutive dialysis sessions (often termed “bolus dosing”) or via small
doses provided every one to two weeks (often termed “maintenance dosing”). Administration of
IV iron is always anchored on regular laboratory tests of iron status parameters - ferritin and
transferrin saturation (TSAT).**> Decisions regarding dose, frequency, and duration of IV iron
(i.e., maintenance dosing, bolus dosing, or other variation) are specified by protocols adopted by

dialysis clinics. Surprising variation exists in dosing protocols used in clinical practice with
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respect to IV iron administration.'®>?! For example, one (intense) protocol may specify 100 mg of
IV iron administered over 10 consecutive dialysis sessions for TSAT <30% and ferritin <1200
ng/mL while another (conservative) protocol would hold iron for any ferritin >500 ng/mL
regardless of TSAT.

Several existing studies consistently demonstrated short-term benefits of bolus iron
administration on hemoglobin levels and iron status compared to more conservative maintenance
dosing.5?? No difference in cardiovascular risks was associated with either dosing approach; 224
however, a modestly increased risk of infection was associated with bolus dosing among patients
with a history of infection and those with a central venous hemodialysis catheter.?*?° A recent
observational study has reported association between lower mortality risk and maintenance
strategy relative to non-maintenance strategies.®

Compared to short-term effects, less is known about the long-term safety and
effectiveness of different iron protocols. Clinical trials assessing the long-term use of iron
administration strategies are lacking; existing large observational studies have focused on the
effect of cumulative iron exposure over a long period, which were not large enough to resolve
clinically meaningful effects of iron exposure on infection outcomes.?*2” The cumulative
exposures do not align well with the treatment decisions that a physician needs to make
regarding iron use in routine care.?

Given the growing use of IV iron for anemia management and data suggesting some risk,
it is of great interest to examine the long-term effectiveness and safety of different IV iron dosing
protocols and to identify optimal treatment strategies for hemodialysis patients that can
maximize the known benefits of IV iron, while avoiding its potential risks. In this study, we

identified a set of commonly used IV iron administration strategies in a contemporary cohort of
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hemodialysis patients. We then compared their effect on risks of mortality and infection-related

morbidity and mortality.

5.2.  Results
Between 2009 and 2012, 18,697 patients met our study entry criteria (Figure 4.6 &

Appendix G). Among them, 15,481 (82.8%) patients were matched with at least one 1V iron
administration strategy, and 13,249 (70.9%) patients initiated one of the five most commonly
used strategies. At strategy initiation, the average age was 76.0 years (standard deviation (SD)
6.9 years). About half of the cohort were female, and 22.7% were African American. The most
commonly initiated strategy was strategy 2, and the least commonly initiated strategy was
strategy 5. Strategies 4 and 5 recommended more aggressive iron therapy in much broader
ranges of TSAT and ferritin levels. For example, strategy 5 recommended bolus dosing patterns
(100 mg 1V iron sucrose for 10 consecutive dialysis sessions) if TSAT fell below 30% and
ferritin was not greater than 1200 ng/mL. The strategy recommended half bolus dosing (100 mg
for 5 consecutive dialysis sessions) if TSAT was between 30-40% and 100 mg weekly if TSAT
was between 40-50%. The definitions of the administration strategies are listed in Table 5.10.

Table 5.11 presents patients’ baseline characteristics stratified by strategy. Baseline
characteristics were similar among initiators of strategies 1, 2, and 3. Compared to these patients,
initiators of strategies 4 and 5 were more likely to initiate in early years and used a catheter.
Recent history of infections and comorbidities were more common in strategy 5 initiators,
including congestive heart failure, ischemic stroke, chronic obstruction pulmonic disease, and
cancer. Strategy 5 initiators were also more likely to have had a gastrointestinal bleed or received
blood transfusion during the baseline period. During the last month of baseline period, the

strategy 5 initiators received higher doses of epoetin and IV iron and spent more days in the
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hospital. Levels of index TSAT and ferritin tests were also higher among initiators of strategy 5
compared to other patients.

During follow-up, patients deviated from their index administration strategy quickly. The
median time to deviation was shortest in the strategy 5 group and longest in the strategy 2 group
with 49 days (95% confidence interval (Cl): 42, 54 days) and 131 days (95% CI: 126, 147 days),
respectively. Between 40-80% of patients deviated from their index strategy by the end of 4
months. Factors that increased probability of deviation included vascular access-related infection
in the last month of baseline, use of a catheter, higher albumin level, fewer dialysis sessions, and
higher EPO doses in the previous treatment interval. In contrast, having blood transfusions and
more days of hospitalization in the previous treatment interval reduced the probability of
deviation.

The estimated cumulative incidence differences and their 95% Cls of all-cause mortality
among strategy groups in the 4 months of treatment are presented in Figure 5.13 and Table 5.12.
Compared with initiators of strategy 1, initiators of strategies 2 and 3 showed reduced but non-
statistically significant mortality risks; strategy 4 showed increased risks, and the risk differences
(RD) and 95% Cls at 2 months and 4 months were 0.6% (0.3, 1.1%) and 1.5% (0.1, 3.1%),
respectively. The highest risks were seen among the strategy 5 group and the RDs at 2 months
and 4 months were 1.3% (0.8, 2.1%) and 3.1% (1.0, 5.6%), respectively.

A similar trend was observed for the composite outcome of infection-related
hospitalization or mortality at 2 months and 4 months (Figure 5.14 and Table 5.12). Compared to
the strategy 1 group, users of strategy 4 and strategy 5 had increased risks, while strategy 2 and

strategy 3 users had little difference. At 2 months, RDs for strategy 4 and strategy 5 users were
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0.8% (0.3, 1.3%) and 1.8% (1.2, 2.6%), respectively. At 4 months, RDs for these two groups
were 1.7% (0.4, 2.9%) and 4.3 (2.2, 6.8%).

Appendix H & Appendix | show the estimated cumulative incidence differences and 95%
Cls of both outcomes among strategy groups in sensitivity analyses. Models with different sets
of covariates were used to estimate the censoring weights for strategy deviation. Little difference
was seen among the estimates except the intercept-only model that did not consider any

covariates.

5.3.  Discussion

In a large contemporary cohort of hemodialysis patients, we compared a set of five
commonly initiated IV iron administration strategies to assess their risks of mortality and
infection-related events over 4 months. Increased risks of these outcomes were observed among
strategies 4 and 5 that recommended aggressive dosing approaches at higher levels of TSAT and
ferritin. Compared with strategy 1, strategy 5 may result in an additional 13 deaths or 18
infection-related events per 2 months per 1000 patients treated. Increased risks were also
observed with strategy 4 but with a slightly smaller magnitude.

To our knowledge, this study is one of the first to assess the longer-term safety profile of
IV iron administration strategies that align with clinical practice patterns among hemodialysis
patients. In routine care, the treatment decision for IV iron use is dynamic. Physicians make
frequent adjustments to treatment based on the evolving clinical characteristics of patients.
Following the availability of iron status test results, treatment decisions occur, and physicians
make recommendations on how much iron to provide and how frequent to provide according a

certain treatment protocol.’**® We designed our study by mimicking this dynamic treatment
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decision process in routine care and aligning our exposure assessment with points of possible
treatment decisions.?®® The multidimensional strategies we compared in this study were adopted
from complex protocols that actually occur in clinical practice. The comparative analyses of
these strategies provided evidence that could be directly used to inform clinical decisions.

Our findings—that more intense strategies were associated with higher risks of infection—
confirm and complement findings from prior studies. In a large cohort of hemodialysis patients,
increased risk of infection-related hospitalizations or deaths was observed with more aggressive
bolus dosing strategy compared with maintenance dosing.?® The bolus dosing was defined as
having at least two consecutive dialysis sessions of >100 mg iron or two or more administrations
of >100 mg iron with the potential to exceed 600 mg in a month. Yet, the magnitude of the
current results were relatively larger. The observed difference may be due to the difference in
age and strategy definition. Our study cohort included hemodialysis patients who were at least
65 years old at dialysis initiation. Eligible patients averaged around 76 years old, which was 16
years older than that of the previous study. Another recent cohort study also showed higher
mortality risk associated with non-maintenance strategies of 1V iron compared with maintenance
strategies.?® No direct comparisons could be done for the estimates of effects as their definitions
of the strategies were substantially different from ours. They defined maintenance strategy as
having IV iron in a regular schedule and non-maintenance strategy as having any other iron
administrations practice.

Among the commonly used administration strategies, the main difference is the level of
ferritin at which iron treatment needs to be held. Among strategies 1-3, the TSAT levels
indicating a particular dosage pattern were the same, but the ferritin levels for stopping iron

decreased from 1200 ng/mL in strategy 1 to 500 ng/mL in strategy 3. Although not statistically
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significant, the risks for all-cause mortality were modestly lower associated with strategies 2 and
3 that had lower stopping ferritin levels compared with strategy 1. The findings suggest that
aggressive iron treatment with high ferritin level could have contributed to the increased risk.
Compared with the first three strategies, strategies 4 and 5 made more intensive treatment
recommendations. The TSAT levels for indicating a particular dosage pattern are much higher
with these two strategies. For example, both strategies recommended bolus dosing when TSAT
<30% while the other strategies would not recommend bolus dosing until TSAT <20%. In
addition, the ferritin levels for holding iron were >1200 ng/mL, and the dosage pattern at high
ferritin levels were either bolus in strategy 5 or at least half bolus in strategy 4. Increased risks of
both mortality and infection-related events associated with these two strategies could potentially
be explained by the aggressive treatment at high levels of ferritin. These results suggest that level
of ferritin should be routinely evaluated in determining iron administration, calling into question
the common practice of checking ferritin every 3 months rather than monthly.

Our analyses were subject to possible bias from unmeasured confounding or residual
selection bias. Residual confounding bias would occur if unknown confounders for strategy
initiation and outcomes were not included in the treatment model for estimation of standardized
mortality ratio (SMR) weights. Residual confounding could also occur if initiators of more
aggressive strategies were inherently different from initiators of other strategies and they were
treated more aggressively for a reason. We did not have access to individual’s indication for the
use of a certain dosage approach. If the indication were a risk factor for the outcome, then the
observed effect would be subject to bias. Residual selection bias would occur if there were
unmeasured risk factors for both strategy deviation and adverse outcomes. The clinical research

database and the USRDS database contain rich, frequently measured clinical, laboratory,
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treatment, and demographic variables. We examined the impact of different sets of covariates on
the estimated effects in sensitivity analyses. The results were robust to changes in the models,
suggesting the possibility that the association between strategy deviation and the outcomes
studied may not be strongly confounded by the measured covariates. However, there might exist
some unmeasured variables for deviation adjustment of which would potentially attenuate the
effect estimates.

In conclusion, administration strategies that recommended more aggressive treatment at
higher levels of ferritin and TSAT were associated with increased risks of all-cause mortality and
infection-related hospitalization or mortality. Our findings suggest iron may need to be used
more sparingly in patients with elevated ferritin levels, but further exploration is needed to assess

the extent of potential residual confounding and selection bias.

5.4.  Concise Methods
Data sources

We constructed our study cohort using data derived from the clinical research database of
a large dialysis provider in the United States, linked with the United States Renal Data System
(USRDS) (2009-2012). We obtained detailed clinical information regarding patients’ dialysis
treatments, vascular access, routine laboratory tests, IV medications, and anemia management
using the clinical research database. We obtained information regarding their demographic
characteristics, comorbidities, healthcare system encounters, and outcomes of interest including
death from the USRDS. The study was approved by the University of North Carolina at Chapel

Hill Institutional Review Board, Chapel Hill, North Carolina, USA.
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Study design and study population

Detailed methods for cohort construction have been described elsewhere (Chapter 4).
Briefly, we used a retrospective cohort design with the index date for 1V iron administration
strategy defined as the first time a TSAT test result became available within 90-136 days after
dialysis initiation. The TSAT measurement on the index date was defined as the index TSAT.
We used the 14-day window following the index TSAT as the index strategy assessment window
to assess the IV iron administration strategy a patient was initiated on. We defined the baseline
period as the period starting 90 days prior to dialysis initiation and ending on the day before the
index date. Eligible patients were followed for outcomes of interest starting on day 15 following
the index strategy assessment window (Figure 4.6).

Our study population comprised outpatient hemodialysis patients who initiated in-center
hemodialysis between 1 January, 2009 and 16 September, 2012. We included patients who had
Medicare as their primary insurer, continued hemodialysis for at least 90 days, and had complete
information on baseline covariates. To ensure patients were receiving regular in-center
hemodialysis and anemia management, we excluded patients who had fewer than nine dialysis
sessions in the last month of baseline period or no TSAT measurement during the 136 days
following dialysis initiation. We also excluded patients if they had polycystic kidney disease
because their administration strategies of IV iron could differ. The cohort construction is outlined
in Appendix G.

IV iron administration strategies

We identified the IV iron administration strategies initiated by eligible patients in the

index assessment window using an approach outlined in Chapter 4. As the set of commonly used

strategies were not known a priori, this identification approach matched a patient’s treatment
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pattern in the 14-day assessment window and current laboratory test values with candidate
strategies by consistency. The length of assessment window was chosen so that it maximized the
representativeness of treatment experience in the assessment window for the treatment
experience in the entire treatment course while minimizing the days required for the assessment
window to maximize follow-up time for outcomes. Each candidate strategy consisted of a set of
decision rules that specified a range of acceptable iron therapy values (including dosage and
frequency) during a treatment course given a patient’s current laboratory test values.

To evaluate the effect of long-term exposure, we assessed whether a patient deviated
from her index strategy during follow-up. We discretized the observation of an individual into
intervals anchored by dates of TSAT laboratory tests. At each measurement of TSAT, we
evaluated the treatment pattern in the 14-day assessment window, updated iron status laboratory
test values against the index strategy for consistency and censored patients for deviation if they
were not consistent. The date of deviation was the end of the 14-day assessment window when
the individual first deviated from the index strategy. Patients were not censored for deviation if
insufficient information was available for exposure assessment in the assessment window (e.g.,
the gap between two consecutive TSAT tests was shorter than 14 days, or the patient was
hospitalized or had active infection in the assessment period, during which the anemia
management strategy was unknown). Potential bias introduced by this artificial censoring was
adjusted for by inverse-probability censoring weighting as described in the statistical analysis
section below.

Outcomes
Two adverse outcomes were examined: all-cause mortality and a composite outcome of

infection-related hospitalization or death. These events were identified using the Medicare
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inpatient and outpatient claims and death notification data. For analyses of all-cause mortality,
patients were followed up until death, receipt of kidney transplantation, the time of switching
modality, loss to follow-up, disenrollment from the dialysis provider, loss of Medicare coverage,
120 days after the index exposure window, or the administrative end of follow-up (December 31,
2012). For analyses of infection-related events, patients were followed up until death attributed
to reasons other than infection. For both analyses, patients were also censored by deviation from
index strategy. Infection-related hospitalization included sepsis, vascular access infection, or
pneumonia. The detailed definitions for the outcomes are listed in Table 3.6.
Covariates

We evaluated both baseline and time-varying covariates using Medicare claims and the
clinical research database. Baseline covariates included demographic characteristics (e.g. age,
sex, race, region of residence, year of strategy initiation), clinical characteristics (e.g., cause of
ESRD, body mass index), and a list of comorbidities. Time-varying covariates included time-
varying laboratory values (TSAT, ferritin, hemoglobin, albumin, creatinine), clinical
characteristics (e.g., type of vascular access, number of dialysis sessions, median post-treatment
systolic blood pressure), and comorbidity measures (e.g., days of hospitalization, receipt of blood
transfusion). Comorbidities were assessed using definitions consisting of International
Classification of Disease, Ninth Revision diagnosis codes (Table 3.7).
Statistical analysis

We compared different IV iron administration strategies with respect to risk of all-cause
mortality and risk of infection-related hospitalization or mortality using inverse probability of
weighted estimation of Cox marginal structural models.'’> We chose one frequently used

strategy as the referent strategy. Standardized mortality ratio weighting was used to adjust for
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potential baseline confounders. Inverse probability of censoring weighting was used to adjust for
potential selection bias introduced by artificially censoring patients who deviated from index
administrations strategy. Variables included in the censoring model included time-dependent
prognostic factors both for outcomes of interest and for censoring (lengths of hospital stay, total
Epoetin doses received, number of dialysis sessions, type of vascular access, current iron status
tests in the treatment course before deviation, and etc), and time-independent factors (gender,
cause of ESRD, comorbidities, and etc). We estimated the cumulative incidence differences
between each strategy and the referent strategy during the follow-up period. The 95% confidence
intervals (CI) for cumulative incidence differences were estimated using a non-parametric
bootstrap procedure with 200 repetitions. We conducted sensitivity analyses by using different
covariates for censoring weighting estimation. We also conducted three additional analyses to
estimate different effects of administration strategy exposure. Detailed methods and results are
described in Supplemental Material. All statistical analyses were conducted using the R
Statistical Software version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria) and

SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA).
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5.5.  Detailed Methods
Data sources

We constructed our study cohort using data derived from the clinical research database of
a large dialysis provider in the United States, linked with the United States Renal Data System
(USRDS) (2009-2012). With over 2,042 dialysis centers located throughout the country, this
dialysis provider manages services to approximately one third of all Americans with ESRD
receiving dialysis. We obtained detailed clinical information regarding patients’ dialysis
treatments, vascular access, routine laboratory tests, IV medications, and anemia management
using the clinical research database. We obtained information regarding their demographic
characteristics, comorbidities, healthcare system encounters, and outcomes of interest including
death from the USRDS. The study was approved by the University of North Carolina at Chapel

Hill Institutional Review Board, Chapel Hill, North Carolina, USA.

Study design and study population

Detailed methods for cohort construction have been described elsewhere (Chapter 4).
Briefly, we used a retrospective cohort design with the index date for IV iron administration
strategy defined as the first time a TSAT test result became available within 90-136 days after
dialysis initiation. The TSAT measurement on the index date was defined as the index TSAT.
We used the 14-day window following the index TSAT as the index strategy assessment window
to assess the 1V iron administration strategy a patient was initiated on. We defined the baseline
period as the period starting 90 days prior to dialysis initiation and ending on the day before the
index date. Eligible patients were followed for outcomes of interest starting on day 15 following

the index strategy assessment window (Figure 4.6).
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Our study population comprised outpatient hemodialysis patients who initiated in-center
hemodialysis between 1 January, 2009 and 16 September, 2012. We included patients who had
Medicare as their primary insurer, continued hemodialysis for at least 90 days, and had complete
information on baseline covariates. To ensure patients were receiving regular in-center
hemodialysis and anemia management, we excluded patients who had fewer than nine dialysis
sessions in the last month of baseline period or no TSAT measurement during the 136 days
following dialysis initiation. We also excluded patients if they had polycystic kidney disease
because their administration strategies of IV iron could differ. The cohort construction is outlined
in Appendix G.

IV iron administration strategies

We identified the 1V iron administration strategies initiated by eligible patients in the
index assessment window using an approach outlined in (Li unpublished). As the set of
commonly used strategies were not known a priori, this identification approach matched a
patient’s treatment pattern in the 14-day assessment window and current laboratory test values
with candidate strategies by consistency. The length of assessment window was chosen so that it
maximized the representativeness of treatment experience in the assessment window for the
treatment experience in the entire treatment course while minimizing the days required for the
assessment window to maximize follow-up time for outcomes. Each candidate strategy consisted
of a set of decision rules that specified a range of acceptable iron therapy values (including
dosage and frequency) during a treatment course given a patient’s current laboratory test values.

To evaluate the effect of long-term exposure, we assessed whether a patient deviated
from her index strategy during follow-up. We discretized the observation of an individual into

intervals anchored by dates of TSAT laboratory tests. At each measurement of TSAT, we
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evaluated the treatment pattern in the 14-day assessment window and updated iron status
laboratory test values against the index strategy for consistency and censored patients for
deviation if they were not consistent. The date of deviation was the end of the 14-day assessment
window when the individual first deviated from the index strategy. Patients were not censored
for deviation if insufficient information was available for exposure assessment in the assessment
window (e.g., the gap between two consecutive TSAT tests was shorter than 14 days, or the
patient was hospitalized or had active infection in the assessment period, during which the
anemia management strategy was unknown). Potential selection bias introduced by this artificial
censoring was adjusted for by inverse-probability censoring weighting as described in the
statistical analysis section below.
Outcomes

Two adverse outcomes were examined: all-cause mortality and a composite outcome of
infection-related hospitalization or death. These events were identified using the Medicare
inpatient and outpatient claims and death notification data. For analyses of all-cause mortality,
patients were followed up until death, receipt of kidney transplantation, the time of switching
modality, loss to follow-up, disenrollment from this dialysis privder, loss of Medicare coverage,
120 days after the index exposure window, or the administrative end of follow-up (December 31,
2012). For analyses of infection-related events, patients were followed up until death attributed
to reasons other than infection. For both analyses, patients were also censored by deviation from
index strategy. Infection-related hospitalization included sepsis, vascular access infection, or

pneumonia. The detailed definitions for the outcomes are listed in Table 3.6.
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Covariates

We evaluated both baseline and time-varying covariates using Medicare claims and the
clinical research database. Baseline covariates included demographic characteristics (e.g. age,
sex, race, region of residence, year of strategy initiation), clinical characteristics (e.g., cause of
ESRD, body mass index), and a list of comorbidities. Time-varying covariates included time-
varying laboratory values (TSAT, ferritin, hemoglobin, albumin, creatinine), clinical
characteristics (e.g., type of vascular access, number of dialysis sessions, median post-treatment
systolic blood pressure), and comorbidity measures (e.g., days of hospitalization, receipt of blood
transfusion). Comorbidities were assessed using definitions consisting of International
Classification of Disease, Ninth Revision diagnosis codes (Table 3.7).

Statistical analysis

We compared different IV iron administration strategies with respect to risk of all-cause
mortality and risk of infection-related hospitalization or mortality using inverse probability of
weighted estimation of Cox marginal structural models. We chose one frequently used strategy
as the referent strategy.

Four main analyses were carried out. We first estimated an unadjusted analysis. Similar
to an intention-to-treat analysis, this estimate ignored any treatment changes occurred during
follow up and estimated the effect of initiating one administration strategy versus the referent
strategy on outcomes of interest. No adjustment was done for baseline confounding between
initiation of strategies.

The second analysis estimated the effect of continuous treatment by artificially censoring
patients for strategy deviation. No adjustment was done to adjust for potential selection bias

arising from such censoring. No adjustment was done for baseline confounding control either.
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The third analysis used standardized mortality ratio (SMR) weights at the index date to
adjust for baseline confounding. This analysis used the same structure as the analysis by
censoring patients when they deviated from index strategy. No adjustment was done for the
potential selection bias introduced by artificial censoring.

The final analysis compared the effect of continuing a strategy on each outcome of
interest adjusted for informative censoring due to regimen non-adherence using a product of
SMR weights (SW;") for baseline confounding control and inverse probability of censoring
weights (IPCW) for deviation (SW;?) for selection bias.

During the index assessment window, a patient’s treatment experience might be
consistent with multiple administration strategies. We created k copies of the same patient for k
strategies she was consistent with initially. Within each strategy group, the copy of the patient
was followed up until she deviated from the respective index strategy. As described previously,
patients who deviated from index administrations strategy were artificially censored at the end of
14-day assessment window. The remaining patients were weighted by the probability that they
stayed on the index strategy to estimate the risks of all-cause mortality and infection-related
hospitalization or mortality. These patients were also censored for reasons other than deviation as
described previously, but the cohorts were not reweighted to account for possible dependent
censoring related to these additional events.

We fit censoring model to each strategy group separately to allow for different
mechanisms that might have contributed to each strategy group. For each interval anchored by
TSAT measurements, we estimated the probability of deviation given potential covariates
associated with both deviation and outcomes using a Cox proportional hazards model. These

covariates included baseline covariates and the most recent time-varying covariates in the
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interval prior to the 14-day assessment window in which deviation was thought to have occurred.
Patients who experienced outcomes of interest were weighted inversely using the probability that
the failure time was observed to account for potential informative censoring due to deviation.

We first estimated the cumulative incidence of adverse outcomes in initiators of each
administration strategy separately. We then estimated the cumulative incidence differences
between each strategy and the referent strategy during the follow-up period. The 95% confidence
intervals (CI) for cumulative incidence differences were estimated using a non-parametric
bootstrap procedure with 200 repetitions. We conducted sensitivity analyses by using different
covariates for censoring weighting estimation. All statistical analyses were conducted using the
R Statistical Software version 3.3.1 (R Foundation for Statistical Computing, Vienna, Austria)

and SAS version 9.4 (SAS Institute Inc., Cary, North Carolina, USA).
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Table 5.10. Definitions of IV iron administration strategies

A. Strategies without hemoglobin restriction

Strategy 1

Strategy 2

Strategy 3

Strategy 4

Strategy 5

B. Dose pattern definition

Ferritin, ng/mL

Iron Dosage Level

Note:TSAT = transferrin saturation; Hgb = hemoglobin

<200 200-1200 >1200 Dose Pattern 2-Week Monthly equivalence
$ <20 B LM N Bolus (B) >500 (100 mg x 10 consecutive sessions
'E 20-50 M LM N Half bolus (HB) 201-500 {100 mg x 5 consecutive sessions
2 >50 N N N Maintenance (M) 101-200 (100 mg weekly
Low maintenance (LM) 1-100 |25 or 50 mg weekly
Ferritin, ng/mL None (N) 0 0mg
<200 200-800 >800
S <20 B LM N
(2050 | ™ LM N
© [>50 N N N
Ferritin, ng/mL
<200 200-500 >500
S <20 B LM N
2050 | ™ LM N
© [>50 N N N
Ferritin, ng/mL
<800 800-1200| >1200
S <30 B HB N
2 [30-50 LM LM N
© [>s0 N N N
Ferritin, ng/mL
<1200 >1200
© <30 B N
~ [30-40 HB N
é 41-49 M N
>50 N N
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Table 5.11. Baseline characteristics of hemodialysis patients by initiated IV iron administration strategy, 2009-2012

Characteristics Overall Strategy 1 Strategy 2 Strategy 3 Strategy 4 Strategy 5
N 13,249 10,882 11,293 10,397 8,089 6,305
Age, Mean (SD) 75.97 (6.92) 75.91 (6.94) 75.95 (6.94) 75.92 (6.93) 75.94 (6.95) 75.89 (6.97)
Female, % 49.4 49.4 49,5 49.3 48.9 49.4
Race, %
Black 22.7 22.4 22.5 22.2 21.9 22.5
White 72.0 72.5 72.3 72.6 73.1 72.8
Other 5.3 5.1 5.2 5.2 5.0 4.7
Medicaid, % 29.3 29.3 29.3 29.2 29.3 29.8
Lower income subsidy, % 34.4 34.5 34.5 34.4 34.8 35.2
Region, %
Midwest 23.0 23.3 23.3 23.5 23.0 23.1
Northeast 14.0 14.0 13.7 13.8 13.8 13.5
Other 0.0 0.0 0.0 0.0 0.0 0.0
South 42.1 41.3 415 41.8 427 43.3
West 21.0 21.3 21.5 20.9 20.4 20.0
Cause of ESRD, %
Diabetes 447 45.0 447 45.0 44.5 43.9
Glomerulonephritis 5.1 4.9 4.9 4.9 5.1 5.0
Hypertension 36.3 36.1 36.2 35.7 36.3 35.9
Missing 0.3 0.4 0.4 0.4 0.4 0.4
Other 13.5 13.6 13.8 14.0 13.8 14.8
Index year, %
2009 25.0 23.1 23.6 25.2 26.9 28.6
2010 24.8 23.0 23.5 25.4 26.3 28.1
2011 25.5 27.3 27.1 26.0 24.1 22.4
2012 24.7 26.5 25.8 23.4 22.8 20.9
Comorbidities, %
Vascular access infection? 1.1 1.2 1.2 1.3 1.6 20



40}

Pneumonia®

Sepsis?

Infection (ADR definition)?
Antibiotic use?

IV antibiotics (dialysis center)?
Infection (broad definition)?
Diabetes

Hypertensive disease
Congestive heart failure
Myocardial infarction, acute
Angina

Coronary artery disease/atherosclerosis
Ischemic stroke

Intracerebral hemorrhage
Subarachnoid hemorrhage
Hemorrhagic stroke

Cerebrovascular disease

Chronic obstructive pulmonary disease &
asthma

Hyperlipidemia

Cancer

Liver disease

Gl bleeding & ulcer

Blood transfusion

Blood loss anemia
Peripheral vascular disease
Rheumatic heart disease
Psychiatric disorder
Substance abuse
Autoimmune disorder
Other neurological disorders

2.2
2.3
3.6
195
11.1
243
69.3
95.6
62.4
9.7
6.9
56.1
7.5
0.3
0.1
0.7
23.8

33.0
60.5
21.4
4.2
2.7
36.2
5.2
26.4
6.1
5.9
6.3
4.8
13.5

2.4
25
4.0
21.1
12.1
26.1
69.6
95.3
62.5
9.6
6.9
56.3
7.7
0.3
0.1
0.7
24.1

33.4
60.5
21.6
4.2
2.8
36.1
51
26.7
6.1
6.0
6.5
4.8
13.7

2.3
25
3.9
20.7
11.9
25.7
69.4
954
62.7
9.7
7.0
56.3
7.7
0.3
0.1
0.7
241

33.4
60.4
21.7
4.2
2.8
36.4
5.2
26.5
6.1
6.0
6.4
4.8
13.7

2.4
2.6
4.1
21.2
12.5
26.3
69.6
95.8
63.4
9.9
7.1
56.9
7.7
0.3
0.1
0.7
24.2

33.9
60.6
21.7
4.3
2.8
37.1
53
27.0
6.1
6.0
6.5
4.7
14.3

2.7
3.1
4.9

23.9

14.4

29.4

69.3

96.2

64.0
9.6
6.9

57.5
7.9
0.3
0.1
0.8

24.4

345
60.5
22.2
4.4
3.1
38.0
5.6
27.0
6.3
6.0
6.8
4.9
14.6

3.3
3.8
6.0
27.6
17.3
34.1
69.8
96.6
66.3
9.8
7.2
59.1
8.6
0.3
0.1
0.8
25.4

36.2
60.3
23.2
4.8
3.4
40.5
5.8
28.1
6.7
6.7
7.1
4.9
16.1
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Hyperparathyroidism 3.7 3.7 3.6 3.6 3.8 3.7
Chronic heart disease procedures 55 55 5.6 5.7 5.5 5.9
Rheumatoid arthritis 2.8 2.7 2.7 2.7 2.7 2.8
Neuropathy 20.8 21.3 21.2 21.4 21.4 21.7
Osteoarthritis 19.8 20.2 20.2 19.9 20.1 20.6
Osteoporosis 4.6 4.6 47 4.6 4.6 4.6
History of fall 5.5 5.5 5.5 5.5 5.7 5.9
Last month of baseline period, Mean (SD)®
Total EPO dose, 1000 units/month 68.46 (73.30) 68.26 (73.02) 68.22 (72.91) 70.65 (74.57) 72.99 (79.39) 83.32(83.03)
Total iron dose, mg  299.04 (310.93)  292.50 (295.98)  287.87 (299.13) 289.11 (307.68) 310.18 (321.75)  334.24 (342.57)
TSAT, %  24.99 (12.41) 24.90 (12.34) 25.02 (1250)  25.06 (12.72)  25.48 (13.26) 24.67 (13.75)
Ferritin, ng/mL  489.93 (435.28)  470.50 (437.11)  486.75 (445.72) 484.10 (462.63) 487.68 (481.96)  510.90 (525.13)
Hemoglobin, g/dL  11.47 (1.43) 11.43 (1.42) 11.45 (1.43) 11.47 (1.45) 11.49 (1.49) 11.38 (1.53)
Albumin, g/dL 3.57 (0.45) 3.57 (0.46) 3.57 (0.46) 3.57 (0.46) 3.55 (0.47) 3.51 (0.47)
Creatinine, mg/dL 5.07 (1.91) 5.07 (1.91) 5.07 (1.90) 5.06 (1.91) 5.06 (1.92) 5.01 (1.94)
Pre-treatment SBP, mmHg  143.03 (22.15) 142.87 (22.08) 142.84 (22.16) 142,90 (22.26)  142.41 (22.13) 141.87 (22.40)
Post-treatment weight, kg 74.40 (18.49) 74.66 (18.65) 74.49 (18.63) 74.60 (18.72) 74.52 (18.61) 74.39 (18.76)
Hospital days 0.71 (1.97) 0.75 (2.03) 0.74 (2.02) 0.77 (2.06) 0.87 (2.18) 1.03 (2.34)
Number of transfusions 0.03 (0.20) 0.03 (0.22) 0.03 (0.21) 0.03 (0.22) 0.04 (0.25) 0.05 (0.27)
Access, %
Catheter 62.8 63.4 63.7 64.7 65.9 70.1
Fistula 26.6 26.1 25.9 24.9 24.1 20.7
Graft 10.6 10.4 10.5 10.4 10 9.2
Index date, Mean (SD)°
Index TSAT, %  28.43 (13.90) 28.56 (14.48) 28.58 (14.37) 28.69 (14.74) 30.65 (16.11) 29.12 (17.74)
Index Ferritin, ng/mL  546.02 (463.50)  526.22 (488.18)  542.53 (486.91) 535.54 (506.28) 559.52 (548.57) 583.85 (607.72)
Index Hemoglobin, g/dL ~ 11.57 (1.31) 11.52 (1.30) 11.54 (1.30) 11.58 (1.32) 11.55 (1.36) 11.51 (1.42)
Index Albumin, g/dL 3.61 (0.45) 3.60 (0.46) 3.60 (0.45) 3.60 (0.46) 3.57 (0.47) 3.53(0.47)
Index Creatine, mg/dL 5.24 (1.98) 5.24 (1.99) 5.24 (1.98) 5.23 (1.98) 5.23 (2.01) 5.18 (2.01)

SD=Standard deviation; IQR=interquartile range; ESRD=end stage renal disease; ADR=annual data report; TSAT=transferrin saturation; EPO=Epoetin
8Prevalence during the last month of baseline period;
bIf laboratory tests in the last month of baseline were missing, the previous test values were used,;
°If a laboratory test was missing on index date, the last non-missing test values were used.



Table 5.12. Adjusted cumulative incidence differences and 95% confidence intervals at 2 months
and 4 months

Infection-related hospitalization
Death or death
Strategy Total 2-month 4-month 2-month 4-month
10,882 referent referent referent referent
11,293  -0.2 (-0.4,0.0) -0.7(-1.2,0.0)0 0.1(-0.1,0.3) -0.2(-0.5,0.3)
10,397  -0.1(-0.4,0.2) -0.6(-1.6,0.7)  0.2(-0.1,0.5) 0.2 (-0.6, 1.0)
8,089 0.6 (0.3.1.1) 1.5(0.1,3.1) 0.8(0.3.1.3) 1.7 (0.4, 2.9)
6,305 1.3(0.8,2.1) 3.1(1.0,5.6) 1.8 (1.2, 2.6) 4.3 (2.2,6.8)
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Figure 5.12. Study design for assessing the effect of initiating and staying on a particular IV iron

administration strategy
Patients are followed starting on the end of the 1t 14-day iron exposure window for all-cause
mortality. Those deviated from the index strategy are artificially censored.
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of infection-related hospitalization or mortality, 2009-2012
Users of 1V iron administration strategy 1 were used as the referent group.
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CHAPTER 6: DISCUSSION

6.1. Summary of Findings

The primary objective of this first specific aim was to develop an approach to
systematically identify dynamic treatment regimes in secondary databases for comparative
effectiveness and safety studies when a priori regimes are not available. We developed an
approach that identifies regimes using treatment experience in an assessment window and current
laboratory tests at a point of treatment decision. Candidate regimes under consideration were
assigned to a patient if they were consistent with treatment experience in the assessment window.
We exploited data visualization of patient-level data to inform regime construction and
identification. We applied this identification process in an empirical example of IV iron dosing
protocols for anemia management in hemodialysis patients, using measurements of iron status
tests and iron treatment experience in a two-week assessment window. Among 43,166 patients
initiated hemodialysis in 2004-2012, 79.1% of them were matched with candidate protocols. The
prevalence of protocol matches increased from 75.0% in 2004 to 90.7% in 2012. Due to the
unavailability of exact protocols that were used, we could not evaluate the performance of the
identification approach; however, higher prevalence of knowingly implemented protocols
confirmed the performance of this identification approach.

The primary objective of the second specific aim was to evaluate the comparative safety
of continuous exposure to different commonly used IV iron treatment protocols. We estimated

the effect of continuous exposure to the five most commonly initiated protocols in 2009-2012 on
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risks of mortality and infection-related events. Two less commonly initiated protocols were more
aggressive, recommending a large amount of iron at higher iron status levels; their initiators were
sicker at baseline. Compared with the protocol that recommended less intensive treatment at
lower ferritin levels, protocols that indicated a large amount of iron at higher levels of iron status
tests were at elevated risk of all-cause mortality. We observed similar trends in elevated risks for
a composite outcome of infection-related hospitalization and death among more aggressive
protocols. Protocols that recommend less intensive use of iron at high levels of ferritin and TSAT
may lower risks of mortality and infection-related events, but further exploration is needed to

address potential residual confounding and selection bias.

6.2.  Public Health Implications

This dissertation project aimed to find evidence to inform IV iron use for anemia
management in ESRD patients maintained on hemodialysis. The important question regarding IV
iron is not whether we should use 1V iron. Data have consistently shown the benefit of IV iron
use relative to no use.>® Instead, the important question is on how best to provide IV iron, and
identifying optimal management strategies is essential. Our study is one of the first to assess
longer-term safety of commonly used IV iron administration protocols. We used a study design
that mimics the dynamic treatment decision regarding IV iron use in routine care and compared
multidimensional protocols that commonly used in clinical practice. Doing so, we were able to
obtain clinically-relevant evidence that could be directly used to inform clinical decisions.

We observed that certain protocols that recommend aggressive use of iron at high iron
status levels were at elevated risk of adverse outcomes in the longer term. This finding suggests

that thorough examination is needed on the initiating levels of iron status tests for various iron
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dosing approaches, which is urgently important in current practice with increasing reliance on IV
iron. In the U.S, there were more than 468,000 hemodialysis patients, and 69% of more than
hemodialysis patients were receiving 1V iron in April 2014.2%4 Inappropriate IV iron treatment

could potentially cause harm to a large number of patients.

6.3.  Future Research

In the second aim, our analyses suggested that protocols that recommend intensive iron
therapy at high levels of iron status tests are associated with elevated risks of infection-related
outcomes, compared to protocols that recommend less intensive strategies. The differences in the
baseline clinical characteristics among their initiators, however, casts some doubt on potential
residual confounding bias and selection bias. Although the differences in distributions of
observed covariates diminished after adjustment with SMR weighting, it is possible that we did
not have access to some important risk factors for the outcome that also had contributed to the
initiation of these aggressive protocols. Further investigation should examine the extent of
potential unmeasured confounding and selection bias.

As a leading cause of death for ESRD patients, cardiovascular outcomes are another big
concern. Prior studies have not established a difference in cardiovascular risks between
maintenance and bolus dosing administration, but they remain a constant concern. We observed
elevated risks of infection-related outcomes in protocols that recommend intensive iron therapy
at high levels of iron status tests. It would be important to examine the effect of these protocols
on risks of cardiovascular outcomes.

Within these two aims, we set up a working framework to compare the safety of dynamic

treatment regimes using complex longitudinal data using causal inference methods. In the first
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aim, we developed an approach to identify commonly used regimes. In the second aim, we
established the longitudinal treatment decision design for evaluation of comparative safety of the
regimes. This framework could be easily generalized to assess the comparative effectiveness of
the regimes. For this example of IV iron in hemodialysis patients, it is equally important to know
which protocols can achieve better anemia management goals including hemoglobin response
and ESA dose requirement reduction. More aggressive 1V iron treatment protocols may lead to
better anemia response.

This study identified a number of commonly used dosing protocols. Pragmatic trials
could be carried out within dialysis clinics to directly compare these protocols and evaluate their

real-world effectiveness and safety.

6.4. Conclusions

Starting around 2009, more and more IV iron treatment patterns in ESRD patients on
hemodialysis were matched with 1V iron dosing protocols. These dosing protocols differed in IV
iron administration approaches and their corresponding levels of iron status tests. Protocols that
recommend less intensive use of iron at high levels of iron status tests may lower risks of
mortality and infection-related events, but further exploration is needed to address potential
residual confounding and selection bias.

Increasingly available large healthcare databases containing rich, granular patient-level
information can make estimation of effect of dynamic treatment regimes more feasible. With
appropriate study design and statistical methods, we can compare the regimes in comparative
effectiveness and safety research to provide evidence to assist decision-making in clinical

practice.
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APPENDIX A: FLOW DIAGRAM OF STUDY POPULATION FOR CHAPTER 4

Figure A.1: Flow diagram of study population for Chapter 4

Patients aged 65 or older with their
first ESRD service date between
01/01/2004 and 09/02/2012
N= 172,719

Excluded if no TSAT after 90 days on
dialysis/no index TSAT (N= 47,523);
Not on Medicare Parts A & B for entire
baseline period (N= 47,447);

Not on hemodialysis for last 90 days of
baseline period (N= 8,246)

Excluded if no TSAT in last 90 days of
baseline period (N= 12,427);

No pre-dialysis claims or insufficient claims
in last 90 days of baseline (N= 3,565);

<9 dialysis sessions in last 30 days of
baseline period (N=5,749)

Excluded if polycystic kidney disease
(N=469)

Patients with center-based hemodialysis
patients receiving anemia management
N= 47,293

Excluded if index TSAT occurred after 136
days since first dialysis date (N= 4,046)

v

Excluded if no follow up days (N= 81)

v

A 4

Final eligible patients
N= 43,166
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APPENDIX B: IV IRON DOSING PROTOCOL EXAMPLE

Figure B.1: Example intravenous iron dosing strategy for end-stage renal failure patients on
chronic hemodialysis

Lab Orders

» TSAT(%) monthly

» Ferritin (ng/mL) quarterly
>13 S73 » Hemoglobin (g/dL) weekly

Hemoglobin

20
- 20-50 50

Fermitig Fe"iti'b ® Bolus 100 mg x 10 cons. sessions

N R @ Half bolus 100 mg x 5 cons. sessions
A % Py % £} Maintenance 100 mg weekly
200-800 200£300 {_ Low maintenance 50 mg weekly

® & @ O O J Noiron 0 mg
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APPENDIX C: DEFINITIONS OF CANDIDATE ADMINISTRATION STRATEGIES

A. Strategies without hemoglobin restriction B. Strategies with hemoglobin restriction
Strategy 1 Strategy 1 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<200 200-1200 >1200 <200 200-1200 >1200
S |<20 B LM N S |<20 B LM N
Z |20-50 M LM N = |20-50 M LM N
2 [>s0 N N N 2 [>s50 N N N
Strategy 2 Strategy 2 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<200 200-800 >800 <200 200-800 >800
S |<20 B LM N S |<20 B LM N
% |20-50 M LM N 2 |20-50 M LM N
2 [>50 N N N 2 [>s0 N N N
Strategy 3 Strategy 3 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<200 200-500 >500 <200 200-500 >500
S |<20 B LM N S |<20 B LM N
% [2050 M LM N = 2050 M LM N
2 |>s0 N N N 2 [>s0 N N N
Strategy 4 Strategy 4 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<800 800-1200 | >1200 <800 800-1200 | >1200
S |<30 B HB N S |<30 B HB N
 [30-50 LM LM N = |30-50 LM LM N
2 [>s0 N N N 2 550 N N N
Strategy 5 Strategy 5 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<1200 >1200 <1200 21200
< <30 B N < <30 B N
~ |30-40 HB N — [30-40 HB N
(z 41-49 M N § 41-50 M N
>=50 N N >50 N N
Strategy 6 Strategy 6 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<200 200-<800 |800-<1200| 21200 <200 200-<800 | 800-1200 | >1200
<20 B B HB N <20 B B HB N
S |20-29 B HB M N S |20-30 B HB M N
= 30-39 HB M LM N = |30-40 HB M LM N
2 la0-49 M M M N 2 a0-50 M M M N
>=50 N N N N >50 N N N N
Strategy 7 Strategy 7 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<1200 21200 <1200 21200
S <20 B N < <20 B N
~ |20-40 M N — [20-40 M N
cz 41-49 LM N é 40<-50 L N
>=50 N N >50 N N
Strategy 8 Strategy 8 If hgb > 13 g/dL then N; else do:
Ferritin, ng/mL Ferritin, ng/mL
<1200 >1200 <1200 >1200
< <20 HB N < <20 HB N
 [20-40 M N — [20-40 N
cz 41-49 LM N é 40<-50 L N
>=50 N N >50 N
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APPENDIX D: PATIENT JOURNEY — A VISUALIZATION TOOL

Figure D.1: Patient journey, a data visualization tool that depicts the patient journey with treatment and her clinical condition
evolution across time using two panels. The top panel illustrated the changes in anemia management parameters, while the bottom
panel presents the IV iron dosage level received at each dialysis session, healthcare system encounters and outcome information.

120

o
L=}

@
=]

13 g/dL

Labs
] = Ferritin
1200 ng/mL . . -+ Hemoglobin
509% - L *TSAT

Normalized lab level, %
@
(=]

(L

200

‘Admincen
150 + Death
X Dialysis
LostFU
MPABcen
Othdcen
PDcen

TXcen
M Fe.gluconate
Hospitalized
Hospice
Fe.dextran
50 B Fe. sucrose
IV antibiotics
SNF
) HEA KKK KKK KKK KR KKK KA ® XK E KRR KRK KKK RRR K, ®% AN KRR HRH KAR KXK KRN KKK KKK KR KIRKR K RAK KKK KKK KR RHR
08 o7 08 09 10 11 12 01

01 02 03 04 05

isdose
°
o

x

date



oTT

APPENDIX E: DISTRIBUTION OF IRON DOSAGE PATTERNS

Table E.1: Distribution of iron dosage pattern

Iron dose, TSAT, Ferritin, Hgb,
Definition mg % ng/mL g/dL
Median
Dose pattern 2-week  Monthly equivalence N % (IQR) Mean (SD) Median (IQR)

100 mg x 10 600 17 192 12.1

Bolus >500  consecutive sessions 3,218 7.5 (600-600) 627.6 (279.9)  (13-20) (101-360.8)  (11.2-13.1)
100 mg x 5 400 18 226 12.2

Half bolus 201-500 consecutive sessions 4,853 11.2 (300-500)  393.3(88.5) (14-23) (116-415) (11.2-13.2)
200 24 299 12.5

Maintenance 101-200 100 mg weekly 7,902 18.3 (200-200)  189.2 (23.8) (19-31) (174-480) (11.5-13.4)
100 26 358 12.2

Low maintenance  1-100 25 or 50 mg weekly 14,182 329  (50-100) 83.9 (24.3) (21-34) (224-543) (11.3-13.1)
0 29 492 12.4

None 0 0 mg 13,011 30.1 (0-0) 0(0) (21-41) (227.3-884)  (11.3-13.4)

Note: IQR = interquartile range; SD = standard deviation; TSAT = transferrin saturation; Hgb = hemoglobin



APPENDIX F: REGIONAL TREND OF MATCHED IV IRON ADMINISTRATION
STRATEGIES

Figure F.1: Distribution of matched IV iron administration strategies was similar among
residential regions in 2004-2012.
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APPENDIX G: FLOW DIAGRAM OF STUDY POPULATION FOR CHAPTER 5

Figure G.1: Flow diagram of study population for Chapter 5, 2009-2012

Patients aged 65 or older with their first
ESRD service date between 01/01/2004
and 09/02/2012

N= 172,719

Excluded if no TSAT after 90 days on dialysis/no
index TSAT (N= 47,523);

Not on Medicare Parts A & B for entire baseline
period (N= 47,447);

Not on hemodialysis for last 90 days of baseline
period (N= 8,246)

Excluded if no TSAT in last 90 days of baseline
period (N=12,427);

No pre-dialysis claims or insufficient claims in last
90 days of baseline (N= 3,565);

<9 dialysis sessions in last 30 days of baseline
period (N=5,749)

4" Excluded if polycystic kidney disease (N= 469)

Patients with center-based hemodialysis
patients receiving anemia management
N= 47,762

| Excluded if index TSAT occurred after 136 days
7| since first dialysis date (N= 4,046)

»| Excluded if no follow up days (N=81)

v

Excluded if missing baseline covariates (N= 727)

\ 4

Eligible patients in 2004-2012
N= 42,439

Index date on or after 01/01/2009
N= 18,697
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APPENDIX H: SENSITIVITY ANALYSIS VARYING MODELS FOR DEVIATION - ALL CAUSE MORTALITY

Figure H.1: Cumulative risk difference curves for all-cause mortality varying models for deviation (a) simplified full model; (b) full

model with time-fixed and time-varying covariates; (c) time-varying covariates only model; (d) intercept-only model
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APPENDIX I: SENSITIVITY ANALYSIS VARYING MODELS FOR DEVIATION - INFECTION-RELATED EVENTS

Figure 1.1: Cumulative risk difference curves for all-cause mortality varying models for deviation (a) simplified full model; (b) full
model with time-fixed and time-varying covariates; (c) time-varying covariates only model; (d) intercept-only model
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APPENDIX J: FOUR DIFFERENT ESTIMATION MODELS - ALL-CAUSE MORTALITY

Figure J.1: Cumulative risk difference curves for all-cause mortality varying estimation models (a) crude-intention-to-treat; (b) crude-

as treated; (c) SMRW:-as treated; (d) SMRW-IPCW
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APPENDIX K: FOUR DIFFERENT ESTIMATION MODELS - INFECTION-RELATED EVENTS

Figure K.1: Cumulative risk difference curves for infection-related events varying estimation models (a) crude-intention-to-treat; (b)

crude-as treated; (c) SMRW-as treated; (d) SMRW-IPCW
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