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Kovesdy, MD5

1 Harold Simmons Center for Kidney Disease Research and Epidemiology, Los Angeles Biomedical Research
Institute at Harbor-UCLA Medical Center, Torrance, CA

2 Department of Epidemiology, UCLA School of Public Health, Los Angeles, CA

3 Department of Pharmacy, Harbor-UCLA Medical Center, Torrance, CA

4 DaVita, Inc, El Segundo, CA 90245

5 Salem Veteran Administration Medical center, Salem, VA

Abstract
Background—Identification of predictors of hyporesponsiveness to erythropoietin-stimulating
agents (ESA) in hemodialysis (HD) patients may help improve anemia management and reduce
hemoglobin variability.

Study Design—We conducted repeated measure and logistic regression analyses in a retrospective
cohort of long-term HD patients to examine the association of iron markers and measures of renal
osteodystrophy with ESA-responsiveness. The ESA-response coefficient at the individual level, i.e.,
the least-confounded dose-response association, was separated from the population level, assumed
to represent confounding by medical indication.

Setting/Participants—The national database of a large dialysis organization (DaVita) with 38,328
surviving prevalent HD patients over 12 months, who received ESA for at least 3 consecutive calendar
quarters, was examined.

Predictors—Serum levels of ferritin, iron saturation ratio (ISAT), intact parathyroid hormone
(PTH) and alkaline phosphatase levels.

Outcomes/Other Measurements—The main outcome was case-mix adjusted hemoglobin
response to quarterly averaged ESA dose at individual level. The odds ratio (OR) of the greatest vs.
poorest ESA-response quartile at patient level was calculated. OR<1.0 indicated ESA
hyporesponsiveness and OR>1.0 enhanced responsiveness.

Results—The mean (±SD) ESA-response coefficients of the least to most responsive quartiles were
0.301±0.033, 0.344±0.004, 0.357±0.004, and 0.389±0.026 g/dL higher hemoglobin per 1,000 units/
week higher ESA dose in each quarter, respectively. The ORs of the greatest vs. poorest ESA-
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responsiveness at patient level were the following: Serum ferritin<200 ng/ml: 0.77 [95% confidence
interval: 0.70–0.86] (reference: 200–500 ng/ml), ISAT<20%: 0.54 [0.49–0.59] (reference: 20–30%),
intact PTH≥600 pg/ml: 0.54 [0.49–0.60] (reference: 150–300 pg/ml), and alkaline phosphatase ≥160
IU/L: 0.64 [0.58–0.70] (reference: 80–120 IU/L). Lower estimated dietary protein intake and serum
levels of nutritional markers were also associated with higher risk of ESA-hyporesponsiveness.

Limitations—Our results may incorporate uncontrolled confounding. Achieved hemoglobin may
have different associations than targeted hemoglobin.

Conclusions—In long-term HD patients, low iron stores, hyperparathyroidism and high turnover
bone disease are associated with significant ESA-hyporesponsiveness. Prospective studies are
needed to verify these associations.

Keywords
Erythropoiesis stimulating agent (ESA); chronic kidney disease (CKD); hemoglobin variability; iron
markers; ESA hyporesponsiveness; high turnover bone disease; confounding by medical indication
(CMI); repeated measure model

Introduction
The anemia of chronic kidney disease (CKD) is a multi-factorial disorder that can be managed
successfully by erythropoiesis-stimulating agents (ESA) administration.[1,2] However, the
required dose of ESA is quite variable in different CKD patients or in the same patient at
different periods of time.[3,4] A recent study found that very high ESA doses are virtually
ineffective in increasing hemoglobin.[5] Indeed exceptionally high ESA doses may be
associated with increased platelet count [6] and poor clinical outcomes.[7] Hence,
identification of factors that enhance ESA responsiveness can optimize anemia management
and reduce hemoglobin variability,[8] Both ESA-hyporesponsiveness and hemoglobin
variability may be associated with increased death risk.[9–11] The malnutrition-inflammation
complex, iron deficiency, and hyperparathyroidism may be associated with the ESA
hyporesponsiveness.[12–15] However, the predictors of ESA-hyporespponsiveness have not
been well studied.

Adequate iron stores and correction of hyperparathyroidism may significantly enhance the
responsiveness to ESA in CKD patients including in long-term hemodialysis (HD) patients,
who comprise over 90% of all long-term dialysis patient population in the United States.[16,
17] The National Kidney Foundation Kidney Disease Outcome Dialysis Initiative (KDOQI)
guidelines suggest that a serum iron saturation ratio (ISAT) above 20% and a serum ferritin
above 200 ng/ml would provide optimal iron stores for anemia management in patients.[18,
19] The KDOQI guidelines on bone and mineral disorders (BMD) suggest that serum
parathyroid levels be between 150 and 300 pg/ml.[20] Several recent studies found that a high
serum alkaline phosphatase level, a surrogate of high turnover bone disease, is associated with
increased death risk.[21–23] We hypothesized that low serum ferritin and ISAT levels and high
serum intact PTH and alkaline phosphatase concentrations are associated with ESA
hyporesponsiveness in long-term HD patients.

Methods
Patients

We extracted, refined, and examined data from all individuals with CKD stage 5, who
underwent HD treatment for 12 months from July 1, 2001, to June 30, 2002, in one of the 580
outpatient dialysis facilities of a large dialysis organization in the United States, i.e., DaVita,
Inc, (prior to its acquisition of former Gambro dialysis facilities). The information about anemia
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management in this cohort has already been presented in our previous publications.[24,25] In
the current study, the cohort is restricted to the first 12 months of the previously studied 2-year
[24–27] or 3-year cohorts [28–31] to mitigate the likelihood that changes in practice pattern
including alteration in reimbursement and internal or external guidelines affected the anemia
management during the study period. The selected participants had to meet the following
inclusion criteria: (1) they remained in the cohort for the entire 12 month; (2) had been on
dialysis for at least 3 months on July 1, 2001; (3) did not switch to peritoneal dialysis or other
modalities; and (4) received ESA for at least once monthly for 9 consecutive months over three
consecutive calendar quarters. We studied surviving patients exclusively, so that the effect of
worsening clinical conditions prior to death on ESA responsiveness could be mitigated. The
study was approved by the Institutional Review Committees of both Los Angeles Biomedical
Research Institute at Harbor-UCLA and DaVita Clinical Research; and because of the large
sample size studied, the anonymity of the patients studied, and the nonintrusive nature of the
research, the requirement for a written consent form was exempted.

Clinical and Demographic Measures
To minimize measurement variability, all repeated measures for each patient during any given
calendar quarter, i.e., over a 13-week interval, were averaged and the summary estimate was
used in all models. Averaged values were obtained for up to four calendar quarters for each
laboratory and clinical measure for each patient over the 12-month cohort period. Dialysis
vintage was defined as the duration of time between the first day of dialysis treatment and the
first day that the patient entered the cohort. The first (baseline) studied quarter for each patient
was the calendar quarter, in which patient’s vintage was >90 days during at least half of the
time of that given quarter. The doses of injected ESA, i.e., recombinant human erythropoietin
(rHuEPO, epogen™, Amgen, Inc, Thousand Oaks, CA), were also calculated for each calendar
quarter.

In addition to the presence or absence of diabetes mellitus, which was available in the database,
histories of tobacco smoking and preexisting comorbid conditions were obtained by linking
the DaVita database to the Medical Evidence Form 2728 of the United States Renal Data
System (USRDS) [32] and categorized into 11 comorbid conditions: (1) ischemic heart disease,
(2) congestive heart failure, (3) status post (s/p) cardiac arrest, (4) s/p myocardial infarction,
(5) pericarditis, (6) cardiac dysrhythmia, (7) peripheral vascular disease (8) chronic obstructive
pulmonary disease, (9) HIV/AIDS status, (10) ambulatory status, and (11) cancer.

Laboratory Measures
Blood samples were drawn using uniform techniques in all of the DaVita dialysis clinics and
were transported to the DaVita Laboratory in Deland, Florida, typically within 24 hrs. All
laboratory values were measured by automated and standardized methods in the DaVita
Laboratory. Most laboratory values, including complete blood cell counts and serum levels of
iron, total iron binding capacity (TIBC), urea nitrogen, creatinine, albumin, calcium,
phosphorus, and bicarbonate were measured monthly. Serum ferritin and intact parathyroid
hormone (PTH) were measured at least quarterly. Hemoglobin was measured at least monthly
in essentially all patients and weekly to biweekly in most patients. Kt/V was used to estimate
dialysis dose and normalized protein equivalent of total nitrogen appearance (nPNA), also
known as normalized protein catabolic rate (nPCR), an estimation of daily protein intake, were
measured monthly as a measure of protein intake. Blood samples were collected pre-dialysis
with the exception of the post-dialysis serum urea nitrogen that was obtained to calculate urea
kinetics.
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Epidemiologic and Statistical Methods
To study the relation between blood hemoglobin and the prescribed ESA dose in long-term
HD patients, our biologically plausible assumption is that higher administered ESA dose leads
to higher hemoglobin levels as originally described by Eschbach et al.[33] At the population
level, however, HD patients with ESA-hyporesponsive anemia paradoxically receive higher
ESA doses to achieve the same hemoglobin target as those who are better responsive; this
phenomenon, also known as “confounding by medical indication” (CMI), has been previously
described for the administered doses of ESA and active vitamin D in CKD populations.[5,
34] Therefore when evaluating the relation between ESA and hemoglobin levels cross-
sectionally within the population, a higher ESA dose is associated with a lower hemoglobin
levels as a result of the CMI (Figure 1). Nevertheless, within each individual, a higher ESA
dose should still result in higher hemoglobin levels over time. Therefore examination of
longitudinal models at individual level with repeated measures over time should more
genuinely disclose the underlying and biologically plausible dose-response associations (see
also the Technical Appendix for more details about the statistical methods).

To examine individual associations between ESA and hemoglobin over time, we used a linear
mixed model (SAS PROC MIXED, specifying a random intercept and ESA as a random effect.
[35] Hemoglobin response is modeled over the 4 consecutive calendar quarters (seasons)
between July 2001 and June 2002. We then ranked patients according to the magnitude of their
individual longitudinal slope (βL) where a higher individual βL corresponds to greater
hemoglobin response to ESA over time. To examine predictors of ESA responsiveness, we
created an “ESA responsiveness” variable, comparing those who ranked in the highest quartile
(≥ 75th percentile) of individual slopes to those who ranked in the lowest quartile (≤ 25th

percentile). We then employed logistic regression modeling, evaluating predictors of ESA
responsiveness. For each analysis both the unadjusted and case-mix multivariate adjusted
models were examined. Case-mix adjusted models were controlled for age, sex, race and
ethnicity (African Americans and other self-categorized African Americans, Non-Hispanic
Whites, Asians, Hispanics and others), diabetes mellitus and 11 pre-existing comorbid states,
history of tobacco smoking, categories of dialysis vintage (3 to 6 mo, 6 mo to 2 yrs, 2–5 yrs
and ≥5 yrs), primary insurance (Medicare, Medicaid, private and others), marital status
(married, single, divorced, widowed and other or unknown), the standardized mortality ratio
of the dialysis clinic during entry quarter, dialysis dose as indicated by Kt/V (single pool),
presence or absence of a dialysis catheter, and residual renal function during the entry quarter,
i.e. urinary urea clearance. Each laboratory variable or IV iron was examined independently
of others as a predictor in separate multivariate models that were adjusted for the above-
mentioned case-mixed covariates. All descriptive and multivariate statistics were carried out
with the SAS, version 8.02, SAS Institute, Inc., Cary, North Carolina. Due to the large sample
size, most p-values tend to be small.

Results
The original 12-month (7/2001-6/2002) national database of DaVita included 49,215 long-
term HD patients who originated from the first two calendar quarters of this period and who
remained in the cohort for 3 consecutive quarters. After exclusion of patients who have been
on dialysis for less than 3 months or who did not meet the inclusion criteria, 38,393 patients
remained in the cohort. Of these, 65 patients were excluded in whom the core case-mix data
or data related to anemia management were missing, leading to 38,328 long-term HD patients
for this study.

Table 1 shows the characteristic of HD patients in the four quartiles of the ESA responsiveness
coefficients βL. After normalizing the ESA-response coefficients into positive values, the mean
(±SD) coefficients of the least to most responsive quartiles were 0.301±0.033, 0.344±0.004,
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0.357±0.004, and 0.389±0.026, respectively. Women comprised 46% to 48% of each quartile.
Patients in the first quartile (the “ESA-hyporesponsive” group) were on average 2 years
younger than other groups and included more African Americans[EF1] and less Hispanic
patients. The ESA-hyporesponsive group also had the lowest serum albumin, TIBC, iron, ISAT
and ferritin and highest intact PTH and alkaline phosphatase levels. To verify the accuracy of
our quartile classification, we calculated the cross-sectional ESA responsiveness coefficient
(βc) separately in each of the responsiveness quartiles and found that the absolute value of βc
in the first (ESA-hyporesponsive) quartile was 3 times higher than the entire cohort βc, whereas
the magnitude of the βc in the 4th (most ESA responsive) quartile was 30% lower than the entire
cohort βc.

We conducted logistic regression analyses to calculate the odds ratio (OR) of the “most ESA
responsive” (highest quartile) to the “least responsive” (ESA-hyporesponsive quartile). An OR
>1.0 implies greater ESA responsiveness with the given variable, whereas OR<1.0 indicates
more severe ESA hyporesponsiveness or refractory anemia. Table 2 shows the both the
unadjusted and case-mix multivariate adjusted OR of ESA responsiveness for relevant
variables. Women and African Americans and those with a dialysis catheter were significantly
more ESA hyporesponsive, whereas Hispanics had better ESA responsiveness compared to
non-Hispanic whites. Most comorbid states including HIV, cancer and heart failure were
associated with worse ESA response, as was the inability to ambulate. Lower nPNA (nPCR),
a urea-kinetic estimate of dietary protein intake,[27] was associated with higher risk of ESA-
hyporesponsiveness. Among laboratory variables, higher serum levels of albumin, creatinine,
ferritin, ISAT, and calcium were associated with greater ESA responsiveness, whereas
increasing serum phosphorus and intact PTH levels had the opposite association. The
likelihood of requiring IV iron administration in case mix adjusted model was 14% lower in
the most ESA responsive quartile.

We studied the association of different ranges of the iron markers and ESA responsiveness.
As shown in Figure 2, after dividing the entire serum ISAT range into 4 a priori selected groups
(<20, 20–30 [reference], 30–50, and >=50%), the greatest ESA responsiveness was observed
with ISAT > 30%, whereas ISAT <20% was associated with almost 50% lower ESA-
responsiveness including after adjustment for case-mix variables (unadjusted and adjusted OR:
0.53 and 0.54, 95% CI: 0.48–0.58 and 0.49–0.59, respectively, p<0.001). [EF2]Similarly, after
dividing serum ferritin range into 5 a priori selected groups (<200, 200–500 [reference], 500–
800, 800–1,200, and >=1,200 ng/ml), the greatest ESA-responsiveness was observed with
serum ferritin in 500 to 1,200 ng/ml range, whereas ferritin <200 ng/mL was associated with
23% lower responsiveness (adjusted OR: 0.77, 95% CI: 0.70–0.86, p<0.001). Figure 3 shows
the results of similar analyses for serum intact PTH and alkaline phosphatase concentrations.
The case-mix adjusted OR of the greatest vs. poorest ESA responsiveness at patient level for
intact PTH ≥600 pg/ml (reference: 150–300 p/ml) was 0.54 (95% CI: 0.49–0.60) and for serum
alkaline phosphatase ≥160 IU/L (reference: 80–120 IU/L) was 0.64 (95% CI: 0.58–0.70).

Discussion
In a 12-month contemporary cohort of 38,328 surviving prevalent HD patients who had
received ESA continuously, we used repeated measure models to examine conditions related
to ESA-responsiveness at individual level independent of the population level associations.
We found that more women and African Americans were among the “ESA-hyporesponsive”
quartile. The logistic regression calculated OR of the most to least ESA responsiveness
identified conditions that were independently associated with ESA-hyporesponsiveness
including dialysis catheter, most comorbid states, indicators of protein-energy malnutrition
such as hypoalbuminemia and low dietary protein intake, indicators of renal osteodystrophy
such as hyperparathyroidism and high serum alkaline phosphatase, and surrogates of low iron
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stores including low serum ferritin and ISAT. These findings may have important clinical
implications in the management of anemia in CKD patients especially those undergoing HD
treatment.

The management of anemia in CKD patients is usually based on administering ESA and other
medications such as iron products.[36] In the USA approximately two billion dollars of the
annual Medicare budget is spent for anemia management in dialysis patients, mostly towards
reimbursement of ESA in dialysis clinics.[37] The amount of the administered ESA to dialysis
patients has increased in the past 15 years.[38,39] Recent data indicating the administration of
exceptionally high ESA doses in some dialysis organizations [38] have lead to concerns
regarding both the finances and safety of such a practice.[5,36,40] Indeed “targeting” higher
hemoglobin levels, e.g. above 13 g/dl, were associated with increased death risk in randomized
controlled trials,[7,41–43] esp. among those who are ESA-hyporesponsive.[11,44] A recent
study indicted that high ESA doses, esp. if concurrent with iron depletion, may be associated
with increased platelet count in HD patients,[6] which may predispose to thromboembolic
events. Both “targeted” [42] and “achieved” [24] hemoglobin levels above 13 g/dL are
associated with increased mortality. Since many long-term HD patients with such excessively
high hemoglobin levels have been administered high ESA doses, revisiting strategies to
identify modifiable risk factors of ESA hyporesponsiveness is of high priority. ESA
hyporesponsiveness may be a main contributor to hemoglobin variability,[8] which per se is
associated with poor outcomes among CKD patients.[9,10] Evidence suggests that hemoglobin
variability is common in CKD and that most patients spend a significant amount of time outside
their target range.[45]

Using repeated measure models that extracted the individual patient response to ESA from the
population response, which is usually due to “confounding by medical indication”,[5,34] we
examined a number of clinically relevant and modifiable correlates of ESA-
hyporesponsiveness (Table 2) including having a dialysis catheter, high body mass index, low
dialysis dose (Kt/V), poor nutritional status (reflected by low serum albumins and TIBC levels
and low protein intake), iron depletion, hyperparathyroidism, and high-turnover bone disease.
The foregoing conditions are also believed to be the major contributors to hemoglobin
variability.[8] Our foregoing longitudinal findings pertaining to the higher likelihood of ESA
hyporesponsiveness in the presence of protein-energy wasting [46] are in line of several
previous cross-sectional studies that linked malnutrition-inflammation complex to refractory
anemia.[47–49]

We also found that markers of low iron stores, i.e., serum ferritin <200 ng/ml and ISAT<20%
were strong predictors of ESA hyporesponsiveness, whereas ferritin level in the 500–1,200 ng/
ml range and ISAT above 30% were associated with greater ESA response. The KDOQI
guidelines recommend ISAT>20% and serum ferritin >200 ng/ml in long-term HD patients.
[50] Achieving an optimal iron status in CKD patients is an important endeavor, because
hemoglobin synthesis is suboptimal without adequate background presence of iron.[51] HD
patients may lose iron as a result of latent to overt gastro-intestinal or other bleeding tendencies,
frequent blood testing and other blood losses.[52] It is estimated that almost half of all long-
term HD patients in the USA have a serum ferritin >500 ng/ml.[25] Using a novel iron detection
imaging tool, a recent study found that serum ferritin in CKD patients is correlated with liver
iron stores.[53] Hence, even though there are other contributors of moderate hyperferritinemia
including malnutrition-inflammation complex or liver disease,[54] increased iron stores
remains a main determinant of moderately high serum ferritin level.[55] Indeed, even though
debates about withholding IV iron administration in HD patients with ferritin level above 500
ng/ml continues,[18,19] a recent randomized controlled trial showed that in ESA-
hyporesponsive and anemic HD patients with feritin ranges between 500 and 1,200 ng/ml,
administration of 1 gm of iron gluconate, besides increasing the ESA dose, was safe and
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improved hemoglobin level.[56] Moreover, a recent study showed that serum ferritin levels
between 200 and 1,200 ng/ml was not associated with increased death risk and that moderately
high serum ISAT levels in 30% to 50% range was related to the greatest survival.[25] Besarab
et al [57] found that HD patients whose ISAT was in the 30–50% range for 6 months had a
40% reduction in administered ESA dose compared to patients whose ISAT remained in the
20–30% range.

We found that ESA-hyporesponsiveness was related to higher serum PTH and alkaline
phosphatase values, whereas the greatest ESA responsiveness was associated with the mid to
low PTH range (150–300 pg/mL) and low-normal alkaline phosphatase (<80 U/L) (Figure 3).
Both high levels of PTH and alkaline phosphatase are associated with increased death risk in
long-term HD patients,[21,23] indicating that the observed ESA-hyporesponse relationships
may be epiphenomenon. Nevertheless, hyperparathyroidism may directly cause ESA-
hyporesponsiveness by diminishing endogenous erythropoietin synthesis, reducing bone
marrow erythroid progenitors, and shortening erythrocyte survival.[58,59] Indirect effects
include the association of renal osteodystrophy with bone marrow fibrosis,[15] confirmed by
the observation of the restored bone marrow space and concomitant rise of serum erythropoietin
concentrations after parathyroidectomy.[60] Rao et al [15] showed that HD patients with bone
marrow fibrosis ≥1% required a mean ESA dose 90% higher than those with <1% fibrosis, and
patients with greater ESA-responsiveness had higher mean PTH levels than ESA-
hyporesponders, i.e, 266 ±322 pg/mL vs. 800 ± 648 pg/mL. Hence, ESA-hyporesponsiveness
can potentially be corrected through therapy with active vitamin D and/or calcimimetics, which
reduce PTH secretion and improve high turn-over bone disease as shown by a reduction in
serum alkaline phosphatase.[58] Indeed, several uncontrolled studies have indicated that
patients who respond to calcitriol or its analogs also show an increase in hemoglobin levels.
[61]

Our study should be qualified for its observational-epidemiological nature, its retrospective
nature, missing hospitalization data, and lack of explicit biomarkers of osteodystrophy and
markers of inflammation, especially since inflammation appears associated for ESA
hyporesponsiveness.[47] Furthermore, we have analyzed the association between the averaged
ESA dose and quarterly hemoglobin values within the same calendar quarter without
accounting for the short period of time required between the exposure (ESA) and outcome
(hemoglobin). Nevertheless, given the 13-week length of each calendar quarter, the required
time-lag of the said association is likely included within the studied calendar quarters. Another
limitation of our analysis is that it is based on only 12-month period of the cohort, rather than
a longitudinal follow-up of several years. Nonetheless, changes in practice pattern over longer
periods of time may further confound the ESA-hemoglobin association. Any insight into the
short-term ESA response of dialysis patients is of major clinical relevance. Moreover, the ESA
dose during hospitalization was not accounted for, and statistical interactions or subgroup
(stratified) analyses were not examined in this study. The comorbid conditions, which were
extracted from the Form 2728 and which included 12% missing values, may be outdated and
underrepresent the current comorbidity of the prevalent HD patients. Finally, variation in serum
alkaline phosphatase levels, presumably a biomarker of bone turnover activity, may be related
non-bone related conditions such as liver disease, esp. since we used total alkaline phosphatase
and not its bone-specific subtype.

The strengths of our study include: (1) contemporary nature, since all patient data were obtained
from the 21st century (2001–2002); (2) uniform laboratory measurements with all laboratory
data obtained from one single facility, (3) large sample size; (4) 3-month averaged laboratory
data, in that most values are the means of several measurements to minimize measurement
variability; and (5) use of repeated measure models to calculate and rank ESA responsiveness
coefficients that is separated from ESA-hemoglobin association at the population level.
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Moreover, by excluding HD patients who died within a short period of time, serum ferritin in
our selected cohort may have lower correlation with inflammation and immediate death risk,
especially since some, but not all, sicker patients were removed. Under these circumstances,
serum ferritin may more appropriately serve as a measure of iron stores.

In conclusion, we showed that among surviving prevalent HD patients who had received ESA,
such conditions as comorbid states, protein-energy wasting, hyperparathyroidism, high
turnover bone disease and iron depletion are associated with ESA hyporesponsiveness. Given
recent studies that showed increased death risk with targeting high hemoglobin levels using
higher ESA doses,[41–43] and given a potential link between high ESA doses and increased
platelet count in the setting of iron depletion,[6] it is prudent to seek strategies that circumvent
the need for excessively high ESA doses. Optimizing the ESA responsiveness is not only an
effective mean to that end but it may also provide a more cost-effective approach to CKD
anemia management.[62,63] Any intervention that can enhance the sensitivity of CKD patients
to ESA therapy, may lead to lower ESA dosage and utilization white improving safety and
reducing the costs. Even though substantial system-wide cost savings can be achieved in the
management of anemia in HD patients through the more aggressive use of IV iron
supplementation [64] and despite recent studies about short-term safety and benefit of IV iron,
active vitamin D and calcimimetics, additional controlled trials are needed to verify the long-
term impact of these medications on outcomes.
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TECHNICAL APPENDIX

Detailed Statistical Methods
To study the relation between blood hemoglobin and the prescribed ESA dose in HD patients,
our biologically plausible assumption was that under normal conditions higher administered
ESA dose should lead to higher hemoglobin levels. The simple linear regression model
Yi=βxi+c+εI can show this association in the following format:

[EF6]The foregoing regression equation indicates that at any given point in time, the achieved
hemoglobin level of the ith person (Hemoglobini) is a function of the averaged prescribed ESA
dose in the same person (ESAi) with a response coefficient (β), which is expected to be a
positive number if higher rHuEPO dose indeed leads to higher hemoglobin levels, plus the
intercept (c) and some residue due to other factors (εi).

We hypothesized, however, that in reality, HD patients with ESA-hyporesponsiveness receive
higher ESA doses, whereas those who are enhanced ESA-responsiveness with higher
hemoglobin levels would receive lower doses. This so-called “confounding by medical
indication” (CMI), leads to a negative response coefficient (β) in cross-sectional regression
models at the population level (Figure 1). As a result, within large HD patient populations, a
higher ESA dose is paradoxically associated with a lower hemoglobin level. Nevertheless,
within each individual, a higher ESA dose should still be expected to yield higher hemoglobin
response over time. Hence, a cross-sectional linear regression model at population level yields
counterintuitively negative associations between the prescribed ESA dose and the achieved
hemoglobin level due to the CMI, whereas in longitudinal models at individual level the
association should be different.

To separate the population (cross-sectional) effect, which is confounded by the CMI, from the
individual (longitudinal) effect, which represents the true response, we employed mixed model
(SAS proc mixed) with a random intercept and ESA as a random effect with an unstructured
covariance matrix.[35] The repeated measure model is: Yij = βCxi1 + βL(xij −xi1) + ci +
εij [EF7] where xij is the prescribed dose of ESA for the ith MHD patients during the jth calendar
quarter, and Yij is the achieved hemoglobin level for the ith person during the jth calendar
quarter when hemoglobin response is modeled over the 4 consecutive calendar quarters
(seasons) between July 2001 and June 2002:[EF8]

In the above model, βC represents the differences in average hemoglobin across the population,
i.e., the cross-sectional response coefficient or the population β. It is a single β for the entire
HD patient population and a negative number due to the CMI. On the contrary, βLi represents
the expected biologically plausible changes in hemoglobin over time i.e. over up to 4 calendar
quarters, as a result of response to prescribed ESA dose, and, hence, is the longitudinal
response coefficient or the individual β. Each HD patient has his or her unique βL value hence
βLi). In the above-mentioned mixed model, “i” is a number between 1 and n (the total number
of HD patients in the cohort); hence, we can rank patients according to the magnitude of their
individual βL values and rank them accordingly to create 4 incremental quartiles, i.e., from the
lowest responsive (ESA-hyporesponsive) to the highest responsive patients. In this type of
hierarchical modeling of the individual’s response to ESA, the “individual” is considered the
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second tier unit, while measurements of hemoglobin over time within each individual are
considered the first tier unit. The model was specified with a random slope and intercept,
allowing each individual to vary both in their baseline hemoglobin levels, that is, when no ESA
is administered, and their response to ESA over time.

We then employed logistic regression modeling, in that the response variable was created as
a dichotomous variable and defined as “most responsive” or 1 if the individual ESA response
coefficient (βL) was in the highest (75%–100%) of the beta values, and defined as “least
responsive” or 0 if βL was in the 0% to 25% range. For each analysis both the unadjusted and
case-mix multivariate adjusted models were examined as described in the text of the
manuscript.
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Figure 1.
[EF5]Schematic representation of erythropoietin stimulating agent (ESA) responsiveness.
Whereas the biological response of hemoglobin to ESA at individual HD patient level is
positive longitudinally (responsiveness slope or β>0), at the population level in cross-sectional
analyses the ESA responsiveness appears negative (β<0) due to the “confounding by medical
indication”, i.e., individuals with higher hemoglobin levels tend to receive lower ESA dose,
whereas those with lower ESA dose and worse ESA responsiveness receive higher ESA dose
(see Technical Appendix for details).
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Figure 2.
Odds ratio (OR) of erythropoietin stimulating agent (ESA)-responsiveness for iron markers
before and after adjustment for case-mix variables in 38,393 long-term hemodialysis patients.
Left panel: OR of ESA responsiveness for selected ranges of serum iron saturated ratio (ISAT).
Right panel: OR of ESA responsiveness for selected ranges of serum ferritin.
Footnote: Case-mix adjusted models are controlled for age, sex, race and ethnicity, diabetes
mellitus and 11 pre-existing comorbid states, history of tobacco smoking, dialysis vintage,
primary insurance, marital status, standardized mortality ratio, dialysis dose, dialysis catheter,
and residual renal function.
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Figure 3.
Odds ratio (OR) of erythropoietin stimulating agent (ESA)-responsiveness for biomarkers of
renal osteodystrophy before and after adjustment for case-mix variables in 38,393 long-term
hemodialysis patients. Left panel: OR of ESA responsiveness for selected ranges of serum
intact parathyroid hormone. Right panel: OR of ESA responsiveness for selected ranges of
serum alkaline phosphatase.
Footnote: Case-mix adjusted models are controlled for age, sex, race and ethnicity, diabetes
mellitus and 11 pre-existing comorbid states, history of tobacco smoking, dialysis vintage,
primary insurance, marital status, standardized mortality ratio, dialysis dose, dialysis catheter,
and residual renal function.
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Table 1
Demographic, clinical and laboratory data from the baseline calendar quarter in 38,393 long-term HD patients who
received any dose of ESA for at least 3 out of 4 consecutive calendar quarters during the 7/2001-6/2002 period.***

Variable Quartile of the individual ESA-responsiveness coefficient (βL)

ESA-
hyporesponsive 1st
quartile N=9,581 2nd quartile N=9,579 3rd quartile N=9,578

most ESA -
responsive
4th quartile

N=9,590

Individual slope (βL) ±SD (the
range is in the parentheses)

0.301 ±0.033
(0.001, 0.336)

0.344 ±0.004 (0.336,
0.351)

0.357 ±0.004 (0.351,
0.366)

0.389 ±0.026
(0.366, 0.652)

Age (years) 59.0±15.0 61.0±15.4 61.5±15.3 61.4±15.6

Sex (% women) 48 46 46 46

Diabetes mellitus (%) 43 46 46 45

Race/ethnicity (%):

 Non-Hispanic Whites 34 34 34 37

 African Americans 41 34 33 31

 Hispanics 12 16 17 15

Dialysis vintage 3–6 month
(%)

18 21 17 13

Primary insurance Medicare
(%)

66 66 68 70

Dialysis catheter access (%) 25 20 18 20

Pre-existing comorbidities (%)†

 AIDS c 1.3 1.1 1.2 1.2

 HIV 2.1 1.5 1.5 1.5

 Cancer 4.1 3.3 3.2 3.4

 Congestive heart failure b 27 27 26 25

 Ischemic heart disease c 17 18 17 18

 Inability to ambulate 2.7 2.1 2.0 2.0

Smoker (%) 5.3 4.3 4.3 5.0

Body mass index (kg/m2) 26.6±6.8 26.0±6.0 25.8±5.8 25.8±5.6

Residual renal function (Kru) 0.13±0.75 0.21±1.07 0.24±0.96 0.23±0.95

Kt/V (single pool) b 1.48±0.30 1.54±0.31 1.58±0.29 1.58±0.31

nPCR or nPNA (g/kg/day) 0.98±0.25 1.00±0.25 1.02±0.24 1.00±0.24

Serum albumin (g/dL) 3.67±0.42 3.80±0.37 3.85±0.34 3.86±0.34

 creatinine c (mg/dL) 9.6±3.3 9.5±3.3 9.6±3.2 9.6±3.3

 TIBC (mg/dL) 192±47 199±42 202±40 205±40

 Iron (ng/ml) 55±26 60±25 65±26 67±26

 ISAT (%) 28±12 30±11 32±11 33±12

 ferritin (ng/mL) 570 (321) 583 (314) 637 (302) 663 (306)

 phosphorus (mg/dL) 5.9±1.7 5.8±1.6 5.7±1.5 5.6±1.5

 calcium (mg/dL) 9.2±0.8 9.3±0.7 9.3±0.7 9.3±0.7

 intact PTH (pg/mL) 260 (185) 230 (149) 227 (136) 218 (127)

 alkaline phosphatase (U/L) 100±33 94±27 92±25 91±26

Blood hemoglobin (g/dL) 11.4±1.3 12.1±1.2 12.2±1.0 12.0±1.1
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Variable Quartile of the individual ESA-responsiveness coefficient (βL)

ESA-
hyporesponsive 1st
quartile N=9,581 2nd quartile N=9,579 3rd quartile N=9,578

most ESA -
responsive
4th quartile

N=9,590

 WBC c (×103/υl) 7.22±2.68 7.23±2.28 7.19±2.22 7.24±2.16

 Lymphocyte (% of total
WBC)

19.6±7.9 20.7±7.8 22.0±7.8 22.1±7.8

ESA dose (units/week) 33,505 (11,032) 17,838 (5,043) 10,972 (3,546) 5,506 (3,343)

IV iron gluconate
administered*

60% 54% 51% 41%

IV iron dextran administered* 4.3% 3.6% 2.8% 2.1%

*
Patients are divided into four equal quartiles according to the individual patient ESA responsiveness coefficient (βL) originating from the repeated

measure (longitudinal) regression model for the ith patient in the jth calendar quarter: Hemoglobinij = βlongitudinal * ESAij + ci [EF3](see Technical
Appendix)

**
The cohort includes HD patients who have undergone hemodialysis >45 days.

†
Missing data are <1% for all variables except of pre-existing comorbidities with 12% missing values after the linkage with Form 2728.

a
Count data are in percentage, and continuous values are in mean ±SD if normally distributed or median (interquartile range) if skewed.

All ANOVA p-values across the 4 groups are <0.001 for the difference between the four groups unless otherwise specified:

b
0.001< p <0.05

c
p ≥ 0.05

Abbreviations: ISAT: iron saturation ratio, TIBC: Total iron binding capacity, nPCR: normalized protein catabolic rate, nPNA: normalized protein nitrogen
appearance, WBC: White blood cell count, ESA: erythropoiesis stimulating agent, PTH: parathyroid hormone
Note: Conversion factors for units: Albumin in g/dL to g/L, ×10; creatinine in mg/dL to μmol/L, ×88.4; ferritin in ng/mL to μg/L, ×1; phosphorus in mg/
dL to mmol/L, ×0.3229; calcium in mg/dL to mmol/L, ×0.2495; parathyroid hormone in pg/mL to ng/L, ×1; hemoglobin in g/dL to g/L, ×10; white blood

cell count in 103/μL to 109/L, ×1.
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Table 2
Odds of ESA-responsiveness for anemia management in 38,393 long-term HD patients, represented by the odds ratio
(OR) [and 95% confidence interval (CI)] of the highest vs. lowest quartile of ESA-responsiveness coefficient as shown
in Table 1.

Variable Unadjusted OR (95% CI) Case-Mix adjusted OR (95% CI)

Age (each 10 year increase) 1.11 (1.09–1.13) 1.06 (1.06–1.11)

Women (vs. men) 0.90 (0.85–0.95) 0.78 (0.73–0.83)

Diabetics (vs. non-diabetics) 1.08 (1.02–1.14) 1.04 (0.98–1.11)

African Americans (vs. non-Hispanic Whites) 0.73 (0.68–0.78) 0.87 (0.81–0.94)

Hispanics (vs. non-Hispanic Whites) 1.25 (1.14–1.37) 1.30 (1.17–1.43)

Dialysis vintage >5 yrs (vs. 3–6 mo) 1.48 (1.34–1.64) 1.44 (1.29–1.60)

Primary insurance: Medicaid (vs. Medicare) 0.70 (0.62–0.80) 0.76 (0.66–0.87)

Dialysis catheter (vs. arteriovenous graft or fistula) 0.68 (0.63–0.73) 0.81 (0.75–0.88)

Pre-existing comorbid states:

 AIDS 0.91 (0.67–1.22) 1.80 (1.07–3.03)

 HIV 0.64 (0.50–0.84) 0.51 (0.32–0.80)

 Cancer 0.77 (0.65–0.91) 0.70 (0.59–0.83)

 Congestive heart failure 0.90 (0.84–0.97) 0.87 (0.81–0.94)

 Dysrhythmia 0.93 (0.78–1.10) 0.91 (0.76–1.09)

 Ischemic heart disease 1.06 (0.98–1.15) 0.98 (0.89–1.08)

 Unable to ambulate 0.69 (0.56–0.85) 0.77 (0.62–0.96)

Smoker status (vs. never smoked) 0.92 (0.80–1.06) 1.01 (0.87–1.17)

Body mass index (each kg/m2 increase) 0.98 (0.97–0.98) 0.99 (0.98–0.99)

Residual renal function (each Kru unit increase) 1.14 (1.10–1.19) 1.04 (1.01–1.07)

Kt/V single pool (each 0.1 unit increase) 1.12 (1.11–1.13) 1.11 (1.10–1.12)

nPCR or nPNA (each g/kg/day increase) 1.58 (1.40–1.78) 1.25 (1.10–1.42)

Serum albumin (each 0.2 g/dL increase)* 1.31 (1.29–1.33) 1.31 (1.29–1.34)

 creatinine (each 1 mg/dL increase) * 1.01 (1.00–1.02) 1.06 (1.05–1.07)

 TIBC (each 10 mg/dL increase) * 1.07 (1.06–1.07) 1.07 (1.06–1.08)

 iron (each 10 ng/ml increase) * 1.22 (1.21–1.24) 1.20 (1.19–1.22)

 ISAT (each 10% increase) * 1.39 (1.36–1.43) 1.36 (1.32–1.40)

 ferritin (each 100 ng/mL increase) * 1.02 (1.02–1.03) 1.02 (1.01–1.02)

 phosphorus (each mg/dL increase) * 0.89 (0.87–0.90) 0.92 (0.90–0.94)

 calcium (each mg/dL increase) * 1.25 (1.21–1.30) 1.27 (1.22–1.32)

 intact PTH (each 100 pg/mL increase) * 0.94 (0.93–0.95) 0.95 (0.94–0.96)

 alkaline phosphatase (each 10 U/L increase) * 0.97 (0.96–0.98) 0.97 (0.95–0.98)

Blood WBC (each 103/μl increase) * 1.00 (0.99–1.01) 0.99 (0.98–1.01)

 lymphocytes (each % increase) * 1.04 (1.04–1.05) 1.05 (1.05–1.06)

IV iron had to be administered * 0.84 (0.83–0.86) 0.86 (0.85–0.88)

OR values in bold are statistically significant. OR<1.0 suggests worse ESA-hyporesponsiveness, whereas OR>1 indicates greater responsiveness to ESA
treatment. ESA responsiveness was extracted based on the repeated measure model: Hemoglobinij = βlongitudinal * ESAij + ci [EF4](see Appendix).
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*
All case-mix adjusted models include age, sex, race and ethnicity, diabetes mellitus and 11 pre-existing comorbid states, history of tobacco smoking,

dialysis vintage, primary insurance, marital status, standardized mortality ratio, dialysis dose, dialysis catheter, and residual renal function. Each case-mix
model that examines a laboratory variable or IV iron as the predictor includes only this variable as the predictor while adjusting for the above-mentioned
covariates.

Abbreviations: ISAT: iron saturation ratio, TIBC: Total iron binding capacity, nPCR: normalized protein catabolic rate, nPNA: normalized protein nitrogen
appearance, WBC: White blood cell count, ESA: erythropoiesis stimulating agent, PTH: parathyroid hormone
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