Iron, Inflammation, Dialysis Adequacy, Nutritional Status,
and Hyperparathyroidism Modify Erythropoietic Response
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Background and objectives: The erythropoietic response in hemodialysis patients depends on several physiologic factors.
Most epidemiologic studies include the effect of these factors by representing them as confounders. This study tested the
hypothesis that iron stores, inflammation, dialysis adequacy, nutritional status, and hyperparathyroidism act as nonlinear
effect modifiers of the erythropoietic response and quantified the magnitude of those effects over clinically relevant ranges.

Design, setting, participants, & measurements: The following retrospective data from 209 hemodialysis patients receiving
Epoetin alfa (Epo) were collected: monthly: predialysis hemoglobin (Hgb), transferrin saturation, serum albumin, dialysis
adequacy (Kt/V); quarterly: predialysis serum ferritin and intact parathyroid hormone over a period of 13 to 69 months. The
study analyzed the dynamic relationship between hemoglobin and Epo, considering nonlinear effect modification by ferritin,
transferrin saturation, Kt/V, albumin, and parathyroid hormone individually.

Results: Maximum Hgb response to Epo was achieved for serum ferritin between 350 and 500 ng/ml, transferrin saturation
greater than 30%, Kt/V greater than 1.4, and albumin greater than 3.8 g/dl. Hgb sensitivity to Epo decreases by about 30% as
parathyroid hormone increases from 0 through 1000 pg/ml.

Conclusions: Serum ferritin, transferrin saturation, Kt/V, serum albumin, and intact parathyroid hormone are markers of

nonlinear effect modification of the erythropoietic response in hemodialysis patients.
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ecent reports describe hemoglobin (Hgb) variability in
R the anemia of chronic kidney disease (1-4) as a risk

factor for increased mortality. One retrospective study
(2) associates increased mortality with persistently and tran-
siently low Hgb levels. However, the Correction of Hemoglo-
bin and Outcomes in Renal Insufficiency study and its second-
ary analysis (5,6) indicate that driving Hgb levels up by
excessive dosing of erythropoiesis stimulating agents (ESA)
may not be of benefit. Given these findings, it is important to
understand what factors modify the Hgb sensitivity to ESA and
to describe that relationship. Among these factors, iron stores
are most thoroughly described (7-11). Other factors include
inflammation (12,13), adequacy of dialysis (14,15), nutritional
status (16), and hyperparathyroidism (17).

Typically, in epidemiologic studies, factors affecting a dose-
response relationship are modeled as independent covariates,
as in the case of multivariate regression. Such an approach
treats these factors as confounders, assuming that their effect on
the response is independent of the administered dose. Al-
though these factors may indeed confound the relationship
between Hgb and ESA, this confounding is likely due to the
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anemia management (confounding by medical indication) and
does not necessarily represent the physiology of erythropoiesis.

We studied the sensitivity of Hgb to ESA in a novel way. We
assumed that the factors that affect Hgb sensitivity to ESA do
not act as confounders, but rather as effect modifiers. In dose-
response models, confounding occurs when there is a factor
that is associated with the dose and the response but does not
lie on a physiologic pathway between them. Effect modification
occurs when there is a factor that is associated with the re-
sponse through an interaction with the dose; i.e., it physiolog-
ically changes the effect the dose has on the response. Using
analysis of covariance with stratification, which is the tradi-
tional way of testing for effect modification, we have previ-
ously demonstrated that the effect of ESA dose may be modi-
fied by iron stores, nutritional status, and dialysis adequacy
(18,19). On the basis of these preliminary results, we tested the
hypothesis that markers of iron stores, nutritional status, hy-
perparathyroidism, and dialysis adequacy act as nonlinear ef-
fect modifiers of Hgb sensitivity to ESA. We used a novel
mathematical approach developed on the basis of a dynamic
regression model of the Hgb response to ESA dose that does
not require the stratification step. We tested for effect modifi-
cation by analyzing the behavior of the model coefficients as a
function of the studied effect modifiers.

Materials and Methods

We performed a retrospective observational cohort study of all 209
patients receiving in-center hemodialysis at the Kidney Disease Pro-
gram, University of Louisville, between January 1996 and December
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2001. All patients were dialyzed three times weekly and received
Epoetin alfa (Epo) intravenously. The data were right-censored if any of
the following events occurred: death, discontinuation of hemodialysis,
or transfer out of the unit. We recorded monthly Hgb levels, weekly
Epo dose, monthly transferrin saturation (TSat), serum albumin (Alb),
dialysis adequacy (Kt/V), as well as quarterly serum ferritin (Ferr) and
intact parathyroid hormone (PTH) levels. We abstracted the data from
an electronic medical record with approval from the Institutional Re-
view Board at the University of Louisville. We eliminated outliers and
erroneous entries by limiting the Epo dose to between 0 and 100,000
units per week, TSat level between 0 and 100%, Ferr level between 0
and 2000 ng/ml, serum Alb between 0 and 5 g/dl, Kt/V between 0 and
2.5, and intact PTH between 0 and 2000 pg/ml. We averaged Epo doses
over the number of treatments per month. We obtained monthly Ferr
and PTH values using the last observation carry forward method (20).

Statistical Analyses

To analyze the Hgb sensitivity to Epo with effect modification by
Ferr, TSat, Kt/V, Alb, or PTH, we formulated the following regression
model:

SHgb(k) = X" Bifeu(EM(k — )AEpo(k — i)+ (1)

In this model, AHgb(k) is the Hgb change from last month to the
current month, and AEpo(k — i) is the Epo dose adjustment from 2
months ago to last month, where i changes from 1 through N, and
where N represents the number of past months of Epo dose adjust-
ments that affect the current Hgb change.

The symbol B; represents the unknown regression coefficients that
we determined from the data. These coefficients determine the Hgb
sensitivity to Epo, or a change in Hgb for a 1000-unit change in Epo
dose.

The symbol fg),() represents the effect modification function, and
EM(k — i) is the effect modifier level at month —1, —2, —3, etc. We
assume that the effect modifiers may limit the maximum amount of
Hgb produced in response to Epo administration. Our preliminary
study (18,19) showed a unidirectional effect modification by TSat,
Kt/V, and Alb. The effect modification by PTH is also believed to be
unidirectional (17,21,22). To represent this unidirectional effect modi-
fication, we used the following logistic curve:

Feulx) = (1 + et )2 @)

The coefficients a, and «; are called the inflection point and the slope
and are displayed in Figure 1.

Effect modification by Ferr might be bidirectional, as we have pre-
viously shown (19). We used a bell-shaped curve obtained as a product
of two logistic curves (2) to represent this function.

fEM(x) _ (l + e—au(x—am))—l(l +e—azy(x—am))—1 (3)

In this equation, ay, and ay; are the inflection point and the slope of
the left shoulder, and «,, and «;, are the inflection point and the slope
of the right shoulder.

The symbol ¢ in Equation 1 represents normally distributed random
error with mean zero and variance corresponding to model uncertainty.
We used a standard nonlinear mixed-effect approach to estimate model
parameters in Equations 1, 2, and 3. For each of the studied effect
modifiers, we estimated models using data from —1 to —4 months and
selected the best model using a likelihood ratio test (23). We used the
first-order conditional estimation method with unstructured covariance
matrix for random effects. We performed all computations using MAT-
LAB® Release 2008b (The Mathworks, Natick, MA).
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Figure 1. Graphical depiction of the sigmoid (logistic) effect
modification function and its parameters.

Results

The baseline characteristics of the study population are
shown in Table 1. Figure 2 shows population means and SD
over time for all of the analyzed effect modifiers. After remov-
ing data vectors containing missing values, outliers, or errone-
ous values, 5738 data vectors were available for estimating the
model (Equations 1, 2, and 3).

Statistically, the best model incorporates 3 months of histor-
ical data. Table 2 shows the estimated model parameters with
their corresponding P values, as well as the values of —2 log
likelihood function and the mean squared error. The mean
squared error can be regarded as the variance of the model
error term e&.

Figures 3 through 7 show a plot of the effect modification
function f,, (left axis) for each of the studied effect modifiers
and the corresponding data histogram (right axis). The maxi-
mum response to Epo is associated with Ferr between 350 and
500 ng/ml (Figure 3). Ferr below 350 ng/ml is associated with
a drastic decrease of the erythropoietic response, about 30% at
Ferr of 200 ng/ml and as much as 80% at Ferr of 100 ng/ml.
Ferr above 500 ng/ml is associated with a gradually decreasing
erythropoietic response, by about 5% when Ferr is equal to 800
ng/ml and 20% for Ferr equal to 1200 ng/ml.

The maximum erythropoietic response was associated with
TSat levels greater than 30% (Figure 4). TSat levels of 20% and
10% are associated with erythropoietic response decreases by
approximately 8% and 75%, respectively.

The maximum erythropoietic response associated with Kt/V
occurred when Kt/V was 1.4 or greater (Figure 5). Kt/V values
of 1.2 and 1.0 were associated with about 10% and as much as
85% decrease in the erythropoietic response, respectively.

The maximum erythropoietic response was associated with
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Alb greater than 3.8 g/dl (Figure 6). Alb levels of 3.4 and 3.0
g/dl were associated with a decrease of erythropoietic response
by about 10% and 70%, respectively.

Intact PTH levels between 0 and 100 pg/ml were associated
with the maximum erythropoietic response (Figure 7). PTH
levels of 300, 600, and 900 pg/ml were associated with about
90%, 79%, and 67% of the maximum erythropoietic response,
respectively.

Discussion

We proposed a bivariate, nonlinear model of Hgb response to
Epo dose that aims to explore how various physiologic markers
may be associated with the modification of the dose-response
relationship between Epo and Hgb. As potential effect modifi-
ers, we selected the most common physiologic markers rou-
tinely measured as a part of monthly or quarterly laboratory
collections in hemodialysis patients. We made a physiologically
plausible assumption that iron stores, nutritional-inflammatory
status, dialysis adequacy, and bone metabolism disorders may
have a moderating effect on erythropoiesis. Unlike traditional
methods for studying univariate effect modification, which

Table 1. Baseline data characteristics

Age, yr, median/IQR/min/ 58/23/15/92
max
Gender, n, M/F 116/93
Race, n, white/black/other 49/158/2
Length of treatment, mo, 131/143/22/277
median/IQR/min/max
Hgb, g/dl, mean + SD 11.7 * 1.6
Epo dose 1000 U/wk, 9/18/0/90
median/IQR/min/max
Ferr, ng/ml, median/IQR/ 612/582/2/2000
min/max
TSat, %, mean *= SD 272 *134
Kt/V, mean = SD 1.43 *0.25
Alb, g/dl, mean * SD 3.8 =03
Intact PTH, pg/ml, median/ 240/368/5/2000
IOQOR/min/max
Missing data proportion, %
Hgb 1.9
Ferr 7.9
TSat 4.4
Kt/V 7.1
Alb 2.3
PTH 9.3
Number of repeated measures,
median/IQR/min/max
Hgb 48/49/8/2
Ferr 9/11/2/23
TSat 29/33/4/67
Kt/V 30/33/4/73
Alb 31/34/5/67
PTH 9/10/1/25

IQR, interquartile range.
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Figure 2. Time plots of the mean values and SD for the analyzed
effect modifiers.

require that the analyzed effect modifier be stratified by the
user into clinically relevant intervals, our method automatically
determines the shape of the effect modification curve without
any user input.

According to Baron and Kenny (24), a moderator is a variable
that determines under what conditions the dose (Epo) produces
the response (Hgb). We hypothesized that the amount of Hgb
produced after Epo administration may be limited by physio-
logic phenomena represented by the markers we selected. Fur-
thermore, we hypothesized that this limiting activity might be
nonlinear.

Physiologically, erythropoiesis involves a close interaction of
Epo and iron. Serum Ferr and TSat have been used as the two
primary markers of iron available for erythropoiesis. However,
many studies have failed to show the effect that these markers
have on the erythropoietic response (7,16,25-27). Our analysis
indicates that both markers are associated with the moderation
of the erythropoietic response. Our findings are consistent with
those reported by Kalantar-Zadeh et al. (21) and confirm that
iron deficiency indicated by low levels of TSat or Ferr is asso-
ciated with an impaired erythropoietic response. Our analysis
shows that the impaired erythropoietic response is also present
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Table 2. Means and (in parentheses) P values of the estimated model parameters for the analyzed effect modifiers

Ferr TSat Kt/V Alb PTH
o 164 (0.002) 13 (0.001) 1.1 (0.001) 3.1 (0.001)
o 0.02 (0.011) 0.4 (0.001) 19.7 (0.001) 7.7 (0.006)
o, 1655 (0.017) 1344 (0.001)
o, —0.003 (0.001) —0.0013 (0.002)
B 0.41 (0.001) 0.32 (0.001) 0.29 (0.001) 0.32 (0.001) 0.33 (0.001)
B, 0.17 (0.001) 0.13 (0.001) 0.13 (0.001) 0.13 (0.001) 0.15 (0.001)
B; 0.13 (0.001) 0.10 (0.001) 0.09 (0.001) 0.10 (0.001) 0.11 (0.001)
—2 log likelihood 15873 15464 15549 15498 15710
Mean squared error 0.69 0.70 0.70 0.70 0.69
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Figure 3. Plot of the mean effect modification by Ferr (top, left
y-axis) and the histogram of data distribution (bottom, right
y-axis).

when Ferr is elevated (>500 ng/ml). The physiologic mecha-
nism through which the erythropoietic response is compro-
mised at high ferritin levels could be explained by the malnu-
trition-inflammation complex syndrome inhibiting the
erythropoiesis (28).

A link between the dialysis adequacy and the erythropoietic
response has been established before (14,15,29). Our results
confirm the finding by Movilli ef al. (29), who established a
negative correlation between the total Epo dose and Kt/V
when Kt/V is below 1.33 and no correlation when it is above
1.33. The physiology behind the effect modification represented
by this marker is not yet fully understood. It could be explained
by a number of phenomena, including inflammation or vascu-
lar access complications.

Alb has been positively correlated with the erythropoietic
response (12,16). We show that severe hypoalbuminemia is
associated with a significant impairment of the erythropoietic
response. Similarly to high ferritin, the mechanism behind this
effect modification can be attributed to the malnutrition-inflam-
mation complex syndrome.

0 s 10 15 20 25 30 5 40 50
Transferrin Saturation (%)

Figure 4. Plot of the mean effect modification by TSat (top, left
y-axis) and the histogram of data distribution (bottom, right
y-axis).

A detrimental effect of hyperparathyroidism on the Hgb
response to Epo has also been reported (17,22). Our study
shows that increased PTH level is associated with a decreased
erythropoietic response. However, in our study this effect is not
as pronounced as that of the other markers. The potential
physiologic mechanisms that may affect the erythropoiesis and
could be represented by this marker include bone marrow
fibrosis and the hormonal effects on erythroid precursors.

There are some limitations to the work presented. Because of
the retrospective nature of the study, our results should be
interpreted as associative rather than causative. Furthermore,
some factors that may be of interest either were not collected or
were not measured in this population of patients at the time of
their treatment. For instance, it has been reported that hospi-
talizations are associated with a decrease of Hgb level (30).
Because we did not measure hospitalization rate, we cannot
determine its effect on our data, and therefore the resulting
error term of the model may be increased. One way to address
this shortcoming could be through a carefully designed pro-
spective cohort study with an a priori statistical model. The
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Figure 5. Plot of the mean effect modification by Kt/V (top, left
y-axis) and the histogram of data distribution (bottom, right
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Figure 6. Plot of the mean effect modification by Alb (top, left
y-axis) and the histogram of data distribution (bottom, right
y-axis).

results we present can be used to guide such a prospective
study.

Conclusions

We individually analyzed five markers of physiologic phe-
nomena that are known to be associated with changes in eryth-
ropoietic response, collected as part of the routine laboratory
measurements in ESRD patients. The techniques we propose
can be used to analyze the effect modification by other physi-
ologic markers with known associations to erythropoietic re-
sponse. The method can also be extended to analyze the joint
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Figure 7. Plot of the mean effect modification by intact PTH
(top, left y-axis) and the histogram of data distribution (bottom,
right y-axis).

effect modification of the erythropoietic response by all of the
markers considered at the same time.
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