Original

©2018 Dustri-Verlag Dr. K. Feistle
ISSN 0301-0430

DOI 10.5414/CN109499
e-pub: July 27, 2018

Key words
erythropoietin — model
predictive control —
precision medicine —
pharmacokinetics

— pharmacodynamics

Received

March 27, 2018;
accepted in revised form
May 2, 2018

Correspondence to
Michael E. Brier, PhD
Department of Medicine,
Division of Nephrology
and Hypertension,
University of Louisville,
Louisville, KY 40202,
USA
mbrier@]louisville.edu

Nephro

Clinical Nephrology, Vol. 90 — No. 4/2018 (276-285)

Individualized anemia management in a
dialysis facility — long-term utility as a single-
center quality improvement experience

Adam E. Gaweda' , Alfred A. Jacobs', George R. Aronoff2, and Michael E. Brier?

"Department of Medicine, University of Louisville, Louisville KY, and

2DaVita Kidney Care, Denver CO, USA

Abstract. Background: Standard proto-
col-based approaches to erythropoiesis stim-
ulating agent (ESA) dosing in anemia man-
agement of end-stage renal disease (ESRD)
fail to address the inter-individual variability
in patient’s response to ESA. We conducted
a single-center quality improvement project
to investigate the long-term performance of a
computer-designed dosing system. Materials
and methods: The study was a retrospective
case-control study with long-term follow-up.
All hemodialysis patients who received treat-
ment at University Kidney Center (Louisville,
KY, USA) between September 1, 2009, and
March 31, 2017, were included. We imple-
mented an individualized ESA dosing al-
gorithm into an electronic health records
database software to provide patient-spe-
cific ESA dose recommendations to anemia
managers at monthly intervals. The primary
outcome was the percentage of hemoglobin
(Hb) concentrations between 10 and 12 g/
dL during the case-control study and 9 and
11 g/dL during follow-up. Secondary out-
comes were intra- and inter-individual Hb
variability. For the case-control study, we
compared outcomes over 12 months before
and after implementation of the algorithm.
Subjects served as their own controls. We
used the last Hb concentration of the month
and ESA dose per week. Long-term follow-
up examined trends in proportion within the
target range, Hb, and ESA dose. Results:
Individualized ESA dosing in 56 subjects
was associated with a moderate (6.6%) in-
crease of mean Hb maintenance within tar-
get over the 12-month observation period
(62.7% before vs. 69.3% after, p = 0.063).
Intra-individual mean Hb variability de-
creased (1.1 g/dL before vs. 0.8 g/dL after,
p < 0.001), so did inter-individual mean Hb
variability (1.2 g/dL before vs. 1.0 g/dL after,
p =0.010). Long-term follow-up in 233 sub-
jects for 42 months demonstrated stability of
the achieved Hb despite an increasing ESA
resistance in the patient population. Conclu-
sion: Implementation of the individualized

ESA dosing algorithm facilitates improve-
ment in Hb maintenance within target, de-
creases Hb variability and reduces the dose
of ESA required to achieve Hb target.

Introduction

Anemia is a frequent comorbidity in di-
alysis patients and is often associated with
cardiovascular complications as well as de-
creased quality of life [1, 2]. Erythropoiesis
stimulating agents (ESAs), iron supplemen-
tation, and blood transfusions are the three
main forms of anemia treatment. Optimal
dosing of ESA and iron to achieve a thera-
peutic effect without exposing the patient to
risk of short- and long-term adverse events
is challenging due to large inter-individual
variability in response to these agents [3, 4,
5, 6, 7]. A large ESA dose and the inability
to achieve target hemoglobin (Hb) concen-
tration may be associated with increased
risk of cardiovascular adverse events [1, 2,
8]. Current FDA guidelines stipulate dose
individualization to minimize patient expo-
sure to ESA while at the same time reducing
the risk of transfusions [9]. Concurrently, the
Quality Improvement Program metrics insti-
tuted by Centers for Medicare and Medicaid
Services (CMS) stipulate maintaining Hb lev-
els not greater than 12 g/dL in patients receiv-
ing ESA.

Since the early days of ESA use, dialysis
organizations have been striving to imple-
ment the evolving guidelines in their own
anemia management protocols (AMP). A
typical AMP would contain dose adjustment
rules for different Hb levels, but would not
explicitly take into account any measures
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Decrease ESA 50%

Hold ESA

Y If Hb trending up/dn

P| adjust ESAby 20%
or 1000 U per week

N Hb <9: 100 U/kg/Tx

Hb 9-9.9: 50 U/kg/Tx

Increase ESA 50% if less
Decrease ESA 30% if more

Target Hb rate of rise 1 g/dL per mo

Figure 1. Anemia management protocol used in
the control period of the study.

of individual patient’s response to the drug.
Different interpretation of guidelines by the
providers resulted in a large variety of AMPs
with different levels of efficacy. Thamer et
al. [10] examined the ESA dose by dialy-
sis provider for 2004 and saw average ESA
doses ranging from 26 to 53 kU/week for he-
matocrit between 30 and 33%. These results
exemplify the potential for dosing variabil-
ity using the population approach, as well as
heterogeneity in interpretation of the anemia
management guidelines.

To develop a systematic approach to in-
dividualized ESA dosing which addresses
the FDA recommendations [11], we inves-
tigated the use of mathematical modeling
and feedback control methods [12]. Com-
pared to personalized medicine approaches
that determine an individual’s response to
treatment using patient-specific covariates,
such as demographic data or proteomic and
genomic biomarkers [13, 14], our approach
estimates the ESA-Hb dose-response model
from longitudinal ESA dose and Hb concen-
tration data [15, 16]. The model we used was
a modification of the Uehlinger model [17]
and was based on parametric representation
of red blood cell (RBC) production rate and

silico simulations, we established that the al-
gorithm was robust to short-term random Hb
variability, for example due to inter-dialytic
weight gain and measurement error, as well
as acute adverse events, such as hemorrhage.
In absence of recorded dose-response data,
such as for an incident dialysis patient, the
algorithm would incrementally titrate the
ESA dose to achieve the dose necessary for
a given Hb target as required by FDA guide-
lines. We tested an early version of this al-
gorithm in two clinical studies [18, 19] and
implemented it as a computerized clinical
decision support system “Smart Anemia
Manager” (SAM) and validated it through
a randomized controlled trial (SAM RCT)
[20]. We showed that individualized ESA
management significantly improved Hb
maintenance within target range in a select
subpopulation of patients adherent to dialy-
sis treatment and without prior diagnosis of
ESA resistance. In the present study, we ex-
amine anemia parameters after 1 year of us-
ing SAM as part of a standard clinical care at
our facility in an unselected patient popula-
tion including subjects with different levels
of response to ESA.

Materials and methods

Following successful completion of the
clinical trial, we introduced SAM for all in-
center hemodialysis patients at our facility.
The software communicates with electronic
health record (EHR) database and down-
loads Hb and ESA dose data per patient for
up to 3 months from a date specified by the
user. It first performs data smoothing to cal-
culate Hb, Hb rate of change, and average
weekly ESA dose received. SAM uses this
information to estimate individual patient’s
dose-response profile and to compute a new
ESA dose recommendation.

Consistent with the existing standard of
care, Hb concentrations were measured and a
qualified nurse practitioner anemia manager
made ESA dose adjustments at the beginning
of each month. The ESA used at the facility

RBC lifespan. Based on the model, we de-
signed a model predictive control (MPC) al-
gorithm to guide ESA dose adjustments over
time in order to achieve a desired target Hb
response in an individual patient. Through in

was epoetin alfa given by intravenous injec- £
tion 1 — 3 times per week. Maximum allowed -
dose was 90,000 IU/week. Based on the ¢
SAM RCT findings, we introduced a mini- | &
mum dose increment of 200 IU from 1,000 4
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through 4,000 IU and a minimum dose incre-
ment of 1,000 IU above 4,000 IU. The mini-
mum dose increment prior to introduction of
SAM was 1,000 IU across the whole range.
The standard of care AMP used prior to SAM
RCT is shown in Figure 1. To minimize the
changes to the existing clinical workflow,
we did not record the deviations from SAM-
recommended doses, as such deviations were
not recorded prior to introduction of SAM.
As an emergency backup, in case of EHR
failure, we generated a simplified version of
SAM algorithm in the form of dose adjust-
ment look-up tables that were maintained by
the nurse managers in a binder.

Intravenous iron sucrose was adminis-
tered per facility-specific iron protocol de-
rived from the National Kidney Foundation
Kidney Disease Outcomes Quality Initia-
tive guidelines. Iron sucrose was adminis-
tered to maintain ferritin levels greater than
300 ng/mL but not exceeding 800 ng/mL and
TSAT greater than 30%. The maximum iron
dose was 100 mg 3 times per week.

We performed two separate analyses of
anemia management using SAM a) a retro-
spective longitudinal case-control study of
ESRD patients receiving hemodialysis treat-
ments at University of Louisville Kidney
Center; b) long-term follow-up of anemia
management. The research protocol con-
formed to the Declaration of Helsinki and
was approved by the University of Louis-
ville Institutional Review Board. All subject
data were de-identified. Eligible participants
were prevalent hemodialysis patients who
received in-center treatment 3 times a week
between September 1, 2009, and March 30,
2017. The study time periods were as fol-
lows:

— a) Protocol control from September 1,
2009, through August 31, 2010

— b) Exclusion period during the SAM
RCT [20] September 1, 2010, through
March 31, 2012

— c¢) Post-study washout period from April
1, 2012, through July 13,2012

— d) SAM dosing from August 1, 2012,
through July 31, 2013

— ¢) Long-term follow-up from October 1,
2013 (the first full quarter following the
SAM trial), through March 31, 2017

To be included in the case-control analy-
sis, patients had to have received ESA in
both study periods. The Hb target was con-
sistent at 10 — 12 mg/dL during the entire
study period. All subjects who received an
ESA within 3 months were included in the
long-term follow-up.

The primary outcome was the proportion
of Hb concentrations between 10 and 12 g/dL
over each of the study periods (12 months)
calculated using monthly Hb measurements
in the case-control study and the proportion
of Hb concentrations between 9 and 11 g/dL
in the follow up study where the target range
was adjusted following national recommen-
dation. If a subject had repeated Hb measure-
ments within a month, the last measurement
was used for analysis, consistent with the
CMS reporting guidelines. Secondary out-
comes were the proportions of Hb below
or above the stated target range. Additional
outcomes for the case-control study includ-
ed mean Hb achieved, intra-individual Hb
variability, inter-individual Hb variability,
weekly ESA dose, weekly iron dose, dialy-
sis adequacy (Kt/V), serum albumin, serum
ferritin, transferrin saturation (TSat), serum
calcium, serum phosphorus, parathryoid hor-
mone (PTH), mean corpuscular hemoglo-
bin (MCH), mean corpuscular hemoglobin
concentration (MCHC), mean corpuscular
volume (MCV), and the percentage of com-
pleted dialysis treatments.

Case-control analysis

Each subject served as their own control
resulting in pairwise comparison of out-
comes. Statistical comparison was performed
using paired t-test for normally distributed
variables and Wilcoxon signed rank test for
non-normally distributed variables. Nor-
mally distributed variables were reported as
mean and standard deviations, whereas non-
normally distributed variables were reported
as median and range (min, max). All calcula-
tions were performed in SPSS Statistics Ver.
24 (IBM). To investigate the association be-
tween ESA dose and anemia parameters we
performed multiple linear regression analy-
sis. We used loglO-transformed ESA dose
as the dependent variable and study period,
mean Hb, intra- and inter-individual Hb vari-
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Follow-up study

210 subjects assessed for eligibility }

All subjects dialyzed in this single facil-
ity were included in this retrospective analy-

80 subjects received treatment } sis over 42 months. The primary outcome
between 09/2009 and 08/2013 . o
was the proportion of Hb values within the

target range of 9 — 11 g/dL. Secondary out-
comes were the average ESA dose received
and compliance with the dialysis prescrip-
tion defined as receiving > 90% of the pre-
scribed time and the receiving the prescribed
ESA dose. Hb values were included as the
last measured Hb during the month and the
subject had received an ESA within 3 months

2 subjects did not receive ESA in control period
11 subjects did not receive ESA in treatment period

11 subjects did not receive ESA in both periods

} of the current measurement. Regression

56 subjects analyzed . .
SR analysis was preformed on Hb concentration

and ESA ver time.
Figure 2. Consolidated standards of reporting d ESA dose ove ¢

trials diagram of participant flow through the study.

Table 1. Patient demographics. Results

Case-control study

Age (years),mean [range] 59 [26,90] Case-control study

Sex (m/f) 28/28

Race Out of the 210 patients screened, 80 sub-

Caucasian 11 jects received treatment between September

African-American 45 1, 2009, and July 31, 2013. Out of the 80
Dialysis vintage (years) mean 410.20] subjects, 2 did not receive ESA in the pro-
[range] tocol period, 11 did not receive ESA in the
Long-term follow-up study . . .

SAM period, and 11 did not receive ESA
Age (years) mean [range] - . -

2013 57.9 [12.94] Wlthm any of the study pe;rmds, Fesultlng

2014 57.6 [12,95] in a final sample of 56 subjects (Figure 2).

2015 55.6 [9,96] Demographic and clinical data of the study

2016 54.6 [10,97] population are shown in Table 1.

2017 56.0 [17,98] Statistical comparison of the anemia
Sex (m/f) 138/95 management outcomes between the study
Race periods is shown in Table 2. SAM-guided

Caucasian 53 ESA dosing resulted nearly 70% of Hb mea-

African-American 176 surements within the 10 — 12 g/dL range,

Other 4 compared to ~ 63% when dosing per AMP
Dialysis vintage (years) mean [range] (p = 0.063). Compared to AMP-based ap-

2hilS sl G2 proach, SAM-guided dosing increased the

2014 °.2[0,28] number of Hb measurements less than 10

2812 2§ {gg?} g/dL by ~ 10% (p = 0.006) and decreased the

—= number of Hb measurements greater than 12

2017 7.3[0,28]

g/dL by ~ 17% (p < 0.001). The number of
Hb measurements less than 9 g/dL remained
comparable between the two methods (p =
ability, Kt/V, albumin, calcium, phosphorus,  0.184). Mean achieved Hb was 10.5 g/dL for
TSat, loglO-transformed ferritin, logl0- SAM-guided dosing, compared to 11.2 g/dL &)
transformed PTH, MCH, MCHC, MCYV, for AMP-based dosing (p < 0.001). Figure 3 E
logl10-transformed cumulative iron dose, shows a bar plot of quarterly Hb percentages &5
and the percentage of completed treatments  below, within, and above the 10 — 12 g/dL &%
as independent covariates. range during the study. <
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Table 2. Statistical comparison of study outcomes.

Outcome Period p-value
Protocol SAM
Percentage Hb 10 — 12 g/dL* 62.7 69.3 0.063!
Percentage Hb < 9 g/dL 4.1 7.6 0.184"
Percentage Hb < 10 g/dL 13.9 24.2 0.006"
Percentage Hb > 12 g/dL 23.4 6.5 <0.001"
Hb (g/dL) 11.2+0.5 10.5+0.6 <0.0012
Intra-individual Hb variability (g/dL) 1.1[0.4, 2.4] 0.8[0.2, 1.8] <0.001"
Inter-individual Hb variability (g/dL) 1.2[1.0, 1.5] 1.0[0.9, 1.2] 0.010"
Kt/vV 1.6+0.2 1.5+£0.2 0.2772
Serum albumin (g/dL) 3.9+0.3 3.9+0.2 0.3052
Transferrin saturation (%) 30.8+6.0 32.7+8.6 0.1352
Serum ferritin (ng/mL) 845 [179, 1,759] 1,071 [62, 3,319] <0.001"
Serum calcium (g/dL) 8.8+0.6 89+0.5 0.1982
Serum phosphorus (mg/dL) 58+1.3 56+1.4 0.6142
PTH (pg/mL) 398 [30, 2107] 501 [52, 4,106] 0.012!
MCH (pg) 30.2+26 30.6+2.6 0.3972
MCHC (g/dL) 322+1.1 31.9+0.9 0.2372
MCV (fL) 93.7+6.8 95.7+7.2 0.1352
Weekly ESA dose (IU) 7,800 [1,000, 58,000] | 3,000 [1,000, 35,000] <0.001"
Weekly iron dose (mg) 4310, 211] 16 [0,102] <0.001"
Percentage completed treatments 90 91 0.582"

Normally distributed variables reported as mean + standard deviation. Non-normally distributed variables
reported as median [min, max]. Hb = hemoglobin; PTH = parathyroid hormone; MCH = mean corpuscular
hemoglobin; MCHC = mean corpuscular hemoglobin concentration; MCV = mean corpuscular volume.

*Primary outcome; "Wilcoxon signed rank test; ?Paired sample t-test.

100 A

80

60 -

40 |

20 1

B Hb < 10 g/dL
= Hb 10 - 12 g/dL
Time B Hb > 12 g/dL

Figure 3. Hemoglobin distribution per quarter
during the case-control study: below/within/above
target percentage bar plot. Numbers within the box
plot show percentage within the target range of
10 — 12 mg/dL.

Dialysis adequacy (Kt/V), albumin,
TSat, calcium, phosphorus, MCH, MCHC,
and MCV remained comparable during both

study periods. However, ferritin and para-
thyroid hormone were greater in the treat-
ment period. The percentage of completed
treatments (adherence) was not statistically
different between the study periods. Linear
regression analysis revealed that the percent-
age of completed treatments was a predictor
of mean achieved Hb and ESA dose admin-
istered. Each missed dialysis treatment was
associated with a decrease in mean Hb by
0.01 g/dL (p < 0.001) in the protocol period
and 0.02 g/dL (p <0.001) in the SAM period.
Furthermore, each missed treatment was as-
sociated with an increase in the weekly ESA
dose received of 10 IU (p =0.011) in the pro-
tocol period and 4.5 TU (p = 0.109) in the
SAM period.

Comparison of the ESA dose between the
two study periods revealed over a 2-fold de-
crease in utilization under SAM-guided dos-
ing compared to the AMP-based approach.
The median ESA dose decreased from 7,800
to 3,000 U/week (p < 0.001). The corre-
sponding decrease in mean ESA dose was
12,650 — 6,300 U/week. A similar decrease
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Figure 4. Hemoglobin distribution per quarter dur-
ing long-term follow-up: below/within/above target
percentage bar plot. Numbers within the box plot
show percentage within the target range of 9 — 11
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receiving an ESA within 3 months.
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Figure 5. Box plot of the mean ESA dose re-
ceived per quarter during the long-term follow-up.

was also observed for intravenous iron dose.
The median iron dose decreased from 43 to
16 mg/week (p < 0.001). The corresponding
decrease in mean iron dose was 51 — 25 mg/
week.

We found that mean Hb, intra-individual
Hb variability, phosphorus, and TSat were
statistically associated with the ESA dose.
Using estimated model coefficients, we eval-
uated the relative impact of the change in

these covariates on the dose reduction. The
0.7 g/dL decrease in mean Hb contributed
34% (p <0.001), the 0.3 g/dL decrease in Hb
variability contributed 16% (p = 0.001), the
0.2 mg/dL decrease in phosphorus contrib-
uted 3.5% (p < 0.001), the 1.9% increase in
TSat contributed 3.1% (p = 0.05), and 43.3%
was unexplained toward the observed ESA
dose reduction, respectively.

There was no difference in hospital stays
between the two study periods. There were
a total of 89 hospitalizations in the protocol
period vs. 74 in the SAM period (p = 0.608).
Subjects spent a total of 498 days in hospital
in the protocol period vs. 420 in the SAM
period (p = 0.812).

Follow-up study

Demographic information on the 233
subjects included in the follow-up period
are shown in Table 1. Achieved Hb con-
centrations during the follow-up period are
displayed in Figure 4 as the percent below,
within, and above the target range. Long-
term follow-up in an unselected population
of subjects resulted in a mean monthly Hb
achieved of 10.04 g/dL ranging from 9.70 to
10.39 g/dL with a resulting standard devia-
tion of 1.11 g/dL ranging from 0.78 to 1.35
g/dL. During the 42 months of follow-up, the
mean Hb increased at a rate of 0.084 g/dL
a year (p = 0.002). Likewise, ESA dose in-
creased during the follow-up period from a
mean of 2,180 units in the 4™ quarter of 2013
to 3,478 units in the first quarter of 2017.
The standard deviation ranged from 2,135 to
3,787 units. The data are displayed in Figure
5. Long-term follow-up resulted in a mean
administered ESA dose of 3,051 units rang-
ing from 2,315 to 4,176 units with a result-
ing mean standard deviation of 2,777 units
ranging from 2,143 to 4,275 units. During
the 42 months of follow-up, the mean ESA
dose increased at a rate of 389 units a year
(p <0.001).

The percent of incomplete (< 90% of
the prescribed treatment time) or missed di-
alysis treatments remained constant at 15.7%
(13.0 — 18.3%) during the follow-up period.
The percent of scheduled ESA doses not ad-
ministered also remained constant at 11.4%
(9.1 - 13.6%).

e
-
=
o
@
=
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Discussion

In January 2010, the FDA called for
clinical trials to establish optimal ESA dos-
ing algorithms including computer-directed
algorithms [11]. We developed a CDSS
software (SAM) which implements an algo-
rithm based on the principles of mathemati-
cal modeling and control theory to derive
precise ESA dose recommendations for in-
dividual patients from standard clinical data
stored in EHR. Previously, we demonstrated
through a randomized controlled trial (SAM
RCT) that SAM-guided individualized ESA
dosing improved Hb control compared to an
AMP-based approach [20]. Because SAM
RCT focused on a select group of patients
adherent to the dialysis treatment regimen
and responsive to ESA, the question re-
mained how well the SAM software would
perform when implemented as part of stan-
dard care in all patients, including patients
resistant to ESA and patients with low treat-
ment adherence. To answer this question,
we performed a longitudinal retrospective
case-control analysis of the commonly used
anemia markers following the implementa-
tion of the SAM software as a standard ESA
dosing approach in all of our in-center he-
modialysis patients receiving ESA. Consis-
tent with the previously reported results [20],
we observed an increase in the proportion
of Hb measurements within the target range
10 — 12 g/dL (the recommended target range
at the time) compared to a standard protocol-
based approach previously used at our facil-
ity. We note that SAM-guided ESA dosing
significantly reduced the number of “high”
(> 12 g/dL) Hb concentrations. Although
this reduction came with an increase in Hb
< 10 g/dL, the number of “low” (< 9 g/dL)
Hb concentrations remained comparable.

As expected, the observed effect of indi-
vidualized ESA dosing on Hb variability in
the present study did not result in the same
level of decrease as the one reported in the
SAM RCT [20]. Our analysis shows that
missed dialysis treatments may have an ef-
fect on both, the mean Hb concentration
achieved and the ESA dose. We found that
each missed dialysis treatment was associ-
ated with a decrease in Hb concentration and
this effect was stronger (1.8 times) during the
SAM period compared to the protocol peri-

od. On the other hand, each missed dialysis
treatment was associated with an increase in
ESA dose and was stronger (2.3 times) dur-
ing the protocol period. These effects were
most pronounced in patients who completed
less than 80% of their treatments. We think
that this observation can be partially attribut-
ed to the use of the average dose received as
the basis for new dose calculation in SAM,
whereas the AMP used the dose prescribed.
In our opinion, optimal ESA dosing in pa-
tients who tend to miss their dialysis treat-
ments requires further investigation.

In SAM RCT, we did not observe an ESA
dose difference effect between study groups.
However, we did observe a decrease in ESA
dose compared to the national average at the
time [21]. In the present study, we observed
a greater than 50% decrease in ESA dose,
compared to the previously used AMP. The
ESA dose achieved by SAM-guided dosing
in the present study was consistent with that
reported in SAM RCT [20]. The observed
decrease in ESA dose was primarily associ-
ated with lower mean Hb achieved. How-
ever, we found that smaller intra-individual
Hb variability, higher TSat, and lower phos-
phorus were also related to lower ESA dose.
Whereas the effects of TSat [22, 23] and
phosphorus [24] on ESA dose have been re-
ported before, the association between intra-
individual Hb variability and ESA dose is yet
to be explored. One possible explanation for
the observed relationship between intra-indi-
vidual Hb variability and ESA dose could be
that SAM-guided dose adjustments were in
general smaller when compared to the rec-
ommended 25% dose change routinely used
in an anemia management protocol. Small
dose adjustments may lead to slower Hb
changes and lower total ESA dose over time.
This is speculation on our part and would
need to be confirmed.

Routinely monitored iron indices as well
as iron dose delivered were not different in
SAM RCT [20]. In the present study, we
observed no difference in TSat, but we did
observe an increased ferritin concentration
and a decrease in iron dose in the treatment
period. The increase in ferritin may be a re-
sult of ~ 2 years of additional hemodialysis,
iron administration, and disease progression
[25]. Furthermore, the rise in ferritin may
have also led to the 50% decrease in intrave-
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nous iron administration observed. The issue
of coordinated dosing of ESA and iron is a
subject of our ongoing investigation.

Long-term use of the SAM protocol was
examined from the 4™ quarter of 2013 un-
til the 1%t quarter of 2017. During this time,
two disturbances occurred in the study pop-
ulation, 1) the target range was changed to
9 — 11 g/dL and 2) the dialysis facility was
sold and some patients moved to one of three
new dialysis facilities. The SAM protocol
does not require reprogramming to accom-
modate a change in target and the population
achieved the new target within 3 months and
with similar results (percent of subjects with-
in the target range). However, the resistance
to the erythropoietic effect of an ESA did
increase as demonstrated by the progressive
rise in ESA dose. This increase cannot be ex-
plained by adherence to dialysis therapy or
missing ESA doses as these do not change
during follow-up but may be due to the “ag-
ing” of the patient population with dialysis
vintage increasing from 4.6 to 7.3 years.

SAM is not the only tool that uses mathe-
matical models to guide ESA dosing. Lines et
al. [26] developed a predictive dose-response
model to derive ESA dose adjustment rules.
A prospective evaluation of anemia manage-
ment parameters supported by this model re-
vealed improvement of Hb maintenance with-
in the target range (66% in 10.5 — 12.5 g/dL).
A predictive algorithm for ESA dosing was
presented by McCarthy et al. [27]. In this ap-
proach, an individualized physiologic model
of erythropoiesis identified from treatment
data in EHR (MCAMS) guided the dose se-
lection of darbopoetin. Retrospective analy-
sis of MCAMS-based anemia management
showed an improvement in Hb maintenance
within the target range (83% in 10 — 12.9
g/dL) and a 40% decrease in darbepoetin use.
Barbieri et al. [28] showed that the imple-
mentation of a predictive model based on
artificial neural network approach at multiple
dialysis facilities resulted in improvement of
Hb proportion within target range and ESA
dose savings in hemodialysis patients. Our
results further strengthen this trend.

Compared to the above approaches, where
predictive models are used in an open-loop
fashion, our methodology combines predic-
tive modeling with closed-loop control, in
our case MPC. One important benefit of using

closed-loop control is the ability to account
for Hb concentration errors due to factors
other than ESA, for example inter-dialytic
fluid changes. Current clinical standards of
care for anemia management do not explic-
itly account for the effect of inter-dialytic
fluid change on Hb concentration, which may
lead to inadvertent ESA dose adjustments in
response to increased or decreased Hb dilu-
tion. In our approach, we used the robustness
property of closed-loop control to address
this challenge by modeling inter-dialytic fluid
gains as parametric uncertainty affecting the
Hb concentration.

We think that the precision of our algo-
rithm will be improved once explicit mea-
sures of inter-dialytic fluid change are added
to the model.

Our study has several limitations. First, it
is an observational study, therefore all the find-
ings have an associative character. Because of
the longitudinal nature of the study, we cannot
fully exclude the effect of disease progression
on the study outcomes. The time effect should
be kept in consideration when interpreting the
results. Transfusion data were not routinely
reported before 2011. Since all transfusions
occurred outside our dialysis unit, this made
a retrospective review unreliable. Another
limitation of the present study is the absence
of data on the nurse adherence to dose recom-
mendations. Dose deviations are not collected
per standard clinical procedures and were not
included in the study design in order to stream-
line the implementation process.

Conclusion

Individualized ESA dosing is needed to
help achieve anemia management outcomes
consistent with national guidelines. We con-
firm the results of our previously published
randomized controlled study and show that
individualized ESA dosing decreases Hb
variability and minimizes patient exposure to
the drug. Further validation in a multi-center
setting will be required to further confirm the
utility of this approach.
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