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Introduction

Although the incidence of anemia is markedly reduced
after renal transplantation when compared with patients
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Summary

Sirolimus (SRL) has a concentration-related effect on hematopoiesis. In this
study, 430 renal transplant recipients were randomized (1:1) 3 months post-
transplantation to continue SRL-cyclosporine (CsA)-steroids (ST) or to have
CsA withdrawn (SRL-ST). Over 5 years, on therapy calculated glomerular fil-
tration rate (GFR), hematological indices, erythropoietin (EPO) use, and rates
of mild, moderate, and severe anemia were determined. Longitudinal analyses
using linear mixed models examined covariates predicting hemoglobin (Hgb)
levels. Mean Hgb was significantly lower with SRL-ST at 6 months; but subse-
quently became significantly higher (at 2 years, 129 vs. 135 g/l, SRL-CsA-ST vs.
SRL-ST, P < 0.001). Mean corpuscular volume was low with both therapies,
and significantly lower with SRL-ST. EPO use was similar in the two groups,
approximately 30% during the first year and 10% thereafter. The incidence of
anemia was significantly higher with SRL-CsA-ST 22 years. At year 5, only
39.1% of SRL-CsA-ST patients had normal Hgb vs. 68.5% of SRL-ST patients.
GFR and recipient age as well as the interaction term X treatment time were
significant covariates predicting Hgb. CsA withdrawal followed by SRL immu-
notherapy resulted in significantly less anemia than SRL-CsA-ST, despite
twofold higher SRL exposure. This suggests that the improvement in
GFR accompanying CsA withdrawal may mitigate the effect of SRL on hemato-
poiesis.

(ClinicalTrials.gov number: NTC00428064)

receiving dialysis, it remains prevalent following trans-
plantation. In a European survey of 4263 kidney trans-
plant patients [1], 38.6% were found to be anemic. In
this survey, impaired renal function, as well as therapy
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with angiotensin-converting enzyme inhibitors (ACEi),
angiotensin receptor blockers, mycophenolate mofetil
(MMF), and azathioprine increased the likelihood of ane-
mia. Anemia not only contributes to fatigue and increases
the cost of care, notably as the result of erythropoietin
therapy, it is also associated with de novo left ventricular
hypertrophy and congestive heart failure after kidney
transplantation [2].

The mammalian target of rapamycin inhibitor (mTORi)
sirolimus (SRL) was approved for use in renal trans-
plantation in the United States in 1999, and 2 years later
in Europe. Everolimus, a derivative of SRL, was subse-
quently approved in Europe and other
Recently, Webster et al. have undertaken a meta-analysis
of randomized trials using SRL or everolimus [3]. They

countries.

reported that the mTOR{’s increased the relative risk
(RR) of anemia when compared with a calcineurin inhib-
itor (CNI; CsA or tacrolimus) [1.67 (1.27, 2.20), RR
(95% ClIs)], but not when compared with an antimetabo-
lite (e.g., MMF or azathioprine) [0.94 (0.70, 1.27)]. How-
ever, when more than one dose of an mTORi was tested,
the lower dose was associated with a decreased risk of
anemia [0.81 (0.72, 0.99)] compared with the highest
dose, indicating that mTORi-related anemia is dose-
dependent.

The Rapamune Maintenance Regimen (RMR) trial was
conducted to evaluate a two-step approach with SRL ther-
apy; cyclosporine (CsA) was withdrawn at 3 months in
one-half of eligible patients receiving a SRL-CsA-ST regi-
men from the time of transplantation. In those patients
undergoing CsA withdrawal, SRL doses and target trough
concentrations were increased approximately fourfold and
twofold, respectively. Initial [4] and subsequent reports
[5,6] have shown that early CsA withdrawal during this
study was associated with better renal function, lower
blood pressure, and improved graft histology. The present
paper explores the impact of these SRL regimens on anemia
and analyzes possible explanatory variables.

Methods

Study design and eligibility criteria have been described in
the initial report [4]. In summary, 525 patients 213 years
of age receiving a kidney from cadaveric (89.1%) or living
donors (10.9%) were enrolled. Recipients were principally
white (94.5%) and 36.6% were female. There were no
upper age limits for recipients (mean 45.9 years, range
16-73 years) or donors (mean 43.8 years, range
2-77 years). All patients initially received SRL 2 mg
(troughs >5 ng/ml, by immunoassay), CsA and ST. Ster-
oids were given in accordance with local practice; how-
ever, a minimum daily dose of 5 mg of prednisone or
equivalent was mandatory.
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Patients remaining on initial therapy and meeting eligi-
bility criteria (e.g., serum creatinine <400 pmol/l and
suitability to withdraw CsA, in the opinion of the investi-
gator) were randomly assigned (1:1) at month
3 + 2 weeks to continue on SRL-CsA-ST (n = 215) or to
have CsA withdrawn (n = 215, SRL-ST group). Patients
in the SRL-CsA-ST group continued the same SRL dos-
ing (nominally 2 mg/day, troughs >5 ng/ml) and CsA
(troughs 75-200 ng/ml until month 24, and 50-150 ng/
ml thereafter). In the SRL-ST group, SRL doses were
increased to attain trough concentrations of 20-30 ng/ml
(immunoassay) through month 12, and 15-25 ng/ml
thereafter. The original protocol duration was 36 months,
but the trial was extended to 60 months after regulatory
agency review of the 12-month results.

Hemoglobin (Hgb), hematocrit and red blood cell
counts (RBC) were obtained at regular intervals while
patients were on-therapy. These values were used to cal-
culate mean corpuscular volume (MCV) and mean cor-
puscular hemoglobin concentration (MCHC).
Erythropoietin (EPO) use was determined for the
12 months preceding the 12, 24, 36, 48 and 60-month
time points. On-therapy calculated GFR [7] and the per-
cent of patients with normal Hgb (>130 g/l males and
>120 g/l females), mild anemia (Hgb <130 to 120 g/l for
males and <120 to 110 g/l for females), moderate anemia
(Hgb <120 to 110 g/l for males and <110 to 100 g/l for
females), and severe anemia (Hgb <110 g/l for males and
<100 g/l for females) were determined.

Hematological indices and calculated GFR were com-
pared between the treatment groups by analysis of covari-
ance, using baseline (last value before randomization) as
the covariate. A Fisher-exact test was used to compare the
incidence of microcytosis (MCV <79 fL) and EPO use as
well as other categorical variables. The distribution of
patients with normal Hgb and various categories of ane-
mia were compared between the treatments with the
Cochran—Mantel-Haenszel test. Longitudinal analyses
were used to describe the association between Hgb and
GFR using linear mixed models and accounting for the
correlation between repeated measures. An unstructured
covariance matrix was used in the mixed model. GFR was
evaluated in longitudinal linear mixed models as a time
varying covariate. Recipient age at the time of transplan-
tation, recipient sex, ACEi or angiotension receptor
blocker (ARB) use for 290 days, and treatment group
were entered into models as single-time covariates; P-val-
ues <0.05 were considered statistically significant. Because
dropout is not a random phenomenon, for missing data,
the last observation was carried forward at the expected
time-points, as defined in the protocol. Model fit was
assessed by means of a plot of studentized residuals versus
predicted values and the Akaike criteria, as appropriate.
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Results

On-therapy calculated GFR, incidence of anemia, and
EPO use are provided in Table 1. At the time of trans-
plantation, approximately 80% of patients had severe
normochromic, normocytic anemia, and <3% of enrolled
patients had normal Hgb. Renal transplantation resulted
in a rapid reduction in the prevalence of anemia. None-
theless at 12 months, only approximately 50% of patients
had normal Hgb values, and severe anemia still affected
approximately 20% of patients. Whereas there was no dif-
ference between groups in the incidence and severity of
anemia at 1 year, the incidence and severity of anemia
was significantly less in SRL-ST patients than in the SRL—
CsA-ST group thereafter. Calculated GFR was signifi-
cantly higher in the SRL-ST group from month 6 to
5 years for both on-therapy and intent-to-treat analyses
(data not shown). During the first year, approximately
30% of patients in both groups received EPO therapy. In
subsequent years, only about one patient in 10 received
EPO treatment, and although numerically fewer SRL-ST
patients received EPO therapy, the difference between
groups was not statistically different. Discontinuation
because of anemia was infrequent: a single patient in the
SRL-CsA-ST group, during the second year, and two in
the SRL-ST group, both during the first year.

The relationship between Hgb, calculated GFR, and
time post-transplant using all patients from both groups
are plotted in Fig. 1. The plots are very similar, whether
data are plotted individually by treatment group and
whether only on-therapy or last observation carried for-
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Figure 1 Hemoglobin as a function of calculated GFR and time after
transplantation (combined data from both treatment groups, last
observation carried forward analysis).

ward analyses are used (data not shown). Hgb improved
slightly in the first months after transplantation and as a
function of GFR, at least through the level of 80 ml/min,
after which, further improvement in GFR had little
impact on Hgb. In the longitudinal analyses exploring the
relationship between Hgb and GFR using linear mixed
models and accounting for the correlation between repea-
ted measures, the contributing variables by descending
order of significance in the multivariate model were GFR
(P < 0.001), GFR? (P < 0.001), the interaction term treat-
ment X time (P < 0.001), recipient age (P = 0.004), and
treatment (P = 0.253). ARBi or ARB use was not signifi-
cant in the univariate model (P = 0.965), and therefore,
was not included in the multivariate model. As can be

Table 1. Mean on-therapy calculated GFR, incidence of anemia, and EPO use.

Anemia (%)

Time Treatment cGFR Mild (M*, >120 to <130 g/l; Moderate (M, >110 to <120 g/l; Severe (M, <110 g/l; EPOT
(years) group N (ml/min) Ft, >110 to <120 g/l) F >100 to <110 g/l) F, <100 g/l) (%)
0 SRL-CsA-ST 215 - 4.7 12.2 80.8 -
SRL-ST 215 - 4.0 13.1 80.1 -
1 SRL-CsA-ST 184 56.48 17.6 15.9 17.0 27.9
SRL-ST 163 62.48 19.0 11.0 19.6 30.7
2 SRL-CsA-ST 147 54.3t 19.99 13.09 17.19 9.0
SRL-ST 141 65.18 15.59 9.99 8.59 12.1
3 SRL-CsA-ST 119 55.2§ 21.79 16.79 15.09 10.6
SRL-ST 132 67.18 14.69 10.09 10.09 7.0
4 SRL-CsA-ST 97 54.5§ 27.19 14.69 15.69 13.5
SRL-ST 113 68.38 14.39 8.09 8.99 9.0
5 SRL-CsA-ST 23 50.9§ 34.89 4.49 21.79 9.3
SRL-ST 1M1 70.08 16.29 11.79 3.69 9.1

CGFR, calculated GFR; EPO, erythropoietin; SRL, sirolimus; CsA, cyclosporine; ST, steroids.

*Hemoglobin males.

tHemoglobin females.

tErythropoietin use at any time in the preceding year.
§P < 0.001 (ancova).

4P < 0.01 between treatments (CMH test).
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observed in Fig. 1, the relationship between GFR and
Hgb is not linear, thus GFR* explains Hgb outcome in
addition to that explained by GFR alone.

On-therapy Hgb, RBC, MCV, and MCHC are presen-
ted in Fig. 2. Initially after randomization, Hgb was signi-
ficantly lower in the SRL-ST group. However, by month
12, mean Hgb levels were virtually identical in the two
groups (127 vs. 126 g/l, SRL-CsA-ST vs. SRL-ST), even
though mean SRL trough levels remained twofold higher
with SRL-ST therapy (10.6 vs. 25.1 ng/ml, P < 0.001). By
month 18, Hgb became significantly higher in the SRL-
ST group and remained so until the end of this 5-year
trial. MCV was normal at the time of transplantation,
decreased after enrollment with introduction of SRL, and
then became significantly lower in the SRL-ST group
after randomization. The nadir in MCV occurred at
12 months for both regimens, at which time 25.7% of
SRL-CsA-ST and 43.6% of SRL-ST patients (P < 0.001)
had microcytic (MCV <79 fL) RBC indices. MCHC
remained similar between treatments and was well cen-
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tered within the normal range (310-370 g/1) from the
time of transplantation until the end of the study. As
would be expected from the aforementioned indices, the
RBCs were significantly higher in the SRL-ST group
within a few months after randomization.

SRL-CsA-ST patients had significantly higher blood
pressure, and generally, ACEi and ARBs were prescribed
with a slightly higher frequency in the SRL-CsA-ST
group. However, the use of an ACEi or ARB for 290 days
was not significantly different between groups (55.4% vs.
53.0%, SRL-CsA-ST vs. SRL-ST, P = 0.628). Cumulative
use of oral iron preparations was high and comparable in
both groups (48.3% and 50.2% of SRL-CsA-ST and
SRL-ST patients, respectively).

Discussion

Overall, the incidence of anemia in the RMR trial
decreased from 97% at transplantation to 50% at
12 months with the incidence of severe anemia falling
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Figure 2 On-therapy hemoglobin, red blood cell count, mean corpuscular volume and mean corpuscular hemoglobin concentration.
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fourfold. Thereafter, the two groups diverged with mean
Hgb becoming significantly higher and the incidence of
anemia significantly lower in the SRL-ST group. This dif-
ference was preceded and accompanied by a parallel
divergence in renal function, and importantly, GFR was
the most significant variable predicting Hgb. This is con-
sistent with the findings of other investigators who have
also reported that decreased renal function was a signifi-
cant, and often the most important variable contributing
to the incidence of anemia after transplantation [1,8-10].

Because this trial compared two SRL-containing regi-
mens, it is of interest to place this data in perspective
with other trials and surveys including other regimens. At
1, 3, and 5 years in SRL-ST group, mean Hgb was 126,
132, and 136 g/l, respectively. These values are consistent
to those reported in a European Survey (133, 132, and
132 g/l, respectively) with population demographics sim-
ilar to the present trial [1]. In that European Survey,
97.9% of the patients were receiving a CNI-containing
regimen, predominantly with an antimetabolite (71.4%),
and only 1.5% received SRL. In their meta-analysis of
randomized studies [3], Webster et al. found that the
incidence of anemia was not significantly different
between CNI-antimetabolite therapy and CNI-SRL ther-
apy. In contrast, Augustine et al. reported in a nonrand-
omized survey of patients in their center that the
incidence of anemia was higher with CNI-SRL than CNI-
MMEF therapy. However, it can be noted that calculated
GFR was 9 and 12 ml/min higher in their MMF group at
baseline and 12 months, respectively. Given the clear
influence of renal function on the incidence of anemia, it
would seem logical that regimens resulting in inferior and
declining renal function, such as that observed with a
CNI-SRL regimen, will eventually lead to anemia.

Sirolimus has also been tested in combination with
azathioprine [11] and MMF [12-14]. In the earlier studies
[11,12], targeting initial SRL trough levels of 30 ng/ml with
an antimetabolite, the incidence of anemia was significantly
higher in the SRL- than in the CsA-treated patients, despite
a favorable trend for renal function with SRL. The subse-
quent trial by Flechner ef al. targeted much lower trough
concentrations of SRL (5-12 ng/ml); they observed an Hgb
concentration of 131 g/l in both the CsA—-MMEF-ST and
SRL-MMF-ST at 12 months. Both of the early trials with
the SRL-MMF combination [12,13] showed that the same
dose of MMF produces significantly higher mycophenolic
acid exposure with SRL-MMF-ST than CsA-MMF-ST.
Thus, there are both pharmacodynamic and pharmacoki-
netic considerations to be taken into account when dosing
SRL with MMEF. The SRL troughs used in the SRL-ST arm
of the present trial would likely result in a high incidence of
anemia if standard or near standard doses of MMF were
added to the regimen.

Friend et al.

Although as described above the incidence of anemia
in the SRL-ST group was similar to what one would
expect from a CNI and antimetabolite-treated renal
transplant population (approximately 30%), the MCV is
nearly 10 fL lower [15]. Indeed, when Kim et al. com-
pared SRL-MMEF-ST to CsA-MMF-ST, mean Hgb was
similar in the two groups at 6 months (117 vs. 112 g/l
CsA-MMEF-ST vs. SRL-MMF-ST), but the MCV was
significantly higher with CsA-MMF-ST (88.4 vs.
78.5 fL, P < 0.0001). During the long-term maintenance
phase of the present study, there was further contradic-
tion; both Hgb and the incidence of microcytosis were
higher with SRL-ST. Moreover, this SRL concentration-
related microcytosis was persistent, and to some extent,
independent of anemia. At the time of transplantation
in the SRL-ST group, 80.1% of the patients had severe
anemia, of which only 2.9% were microcytic. By
24 months only 8.5% of the SRL-ST patients had
severe anemia, yet 29.8%, 27.3%, 35.7%, and 58.3% of
the patients with normal Hgb, mild anemia, moderate
anemia, and severe anemia, respectively, had microcytic
RBC indices (<79 fL).

There was no difference in the frequency of EPO ther-
apy between the two groups. Approximately 30% and
10% of patients received EPO therapy during the first
year and yearly thereafter respectively. This is similar to
9.4% use of erythropoiesis-stimulating agents reported by
Shah et al. in their survey of 1511 adult patients with a
mean of 8.5 years post-transplantation. A European sur-
vey reported EPO use of 5.5%, 5.4%, and 5.8% at 1, 3,
and 5 years post-transplantation, respectively, but these
values would undoubtedly have been somewhat higher if
calculations were based on any use during the previous
12 months as we did for our evaluations of EPO therapy.
Measurements of endogenous EPO production would
have been of interest in the present trial to evaluate and
compare natural EPO production with the two treat-
ments. Studies in nontransplant subjects with various
degrees of renal function have shown that, in subjects
with a GFR above 40 ml/min, there is an inverse relation-
ship between EPO and GFR, although those subjects with
anemia have higher EPO levels [16,17]. Below a GFR of
40 ml/min, and particularly below 20 ml/min, the EPO
response to anemia is muted, probably due to the inabil-
ity of the damaged kidney to respond adequately to a
hypoxic stimulus.

In the present trial, EPO use was at the discretion of
the investigator. Perhaps more intensive EPO therapy in
the SRL-CsA—ST group would have reduced the preval-
ence of anemia to level approaching that in the SRL-ST
group. Conventional wisdom on what Hgb levels to target
in patients with chronic renal disease has been recently
challenged by Singh et al. [18]. They found that a target
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Hgb level of 135 g/l was associated with an increased risk
of cardiac events without an incremental improvement in
quality of life when compared with the lower target level
of 113 g/l. The mechanism behind this observation
remains to be elucidated, but suggests caution in using
higher doses of EPO to correct Hgb beyond the 110-
120 g/ range.

Various mechanisms have been proposed for SRL-
induced anemia and the prevalence of microcytosis.
Augustine et al. have evoked possible inhibition of ery-
thropoiesis at the EPO receptor, resulting in a partial
EPO resistance [8]. Although we did not measure endo-
genous EPO, there was a compensatory increase in RBCs
when SRL concentrations were increased in patients rand-
omized to SRL-ST, and that in association with improved
renal function, these patients actually had a reduction in
the incidence of anemia. Moreover, only about 10% of
these patients were prescribed EPO treatment during the
chronic maintenance phase. Consequently, it seems unli-
kely that EPO resistance was the most plausible explan-
ation.

A revealing characteristic of SRL therapy is the
MCV, whether or not the patient experiences anemia.
Microcytosis is a hallmark of iron deficiency anemia,
and while indices of iron status were not available in
this study, use of iron supplementation was the same
in both groups, approximately 50%. Functional iron
deficiency is one of the features of chronic inflamma-
tion-induced anemia. In patients undergoing late con-
version to SRL from a CNI, Thaunat etal have
described a clinical pattern of low MCV with low
serum iron despite high ferritnemia, which was associ-
ated with increased fibrinogen and C-reactive protein
[19]. They also postulated that this was the result of
SRL inhibition of IL-10 production via the p70 S6-kin-
ase pathway, thus reducing autoregulatory feedback on
inflammatory cytokines.

Based on a detailed evaluation of patients converted
from CsA-MMEF-ST to SRL-MMF-ST, Maiorano et al.
have proposed an alternative hypothesis [20]. They found
that hepcidin, a key regulator of iron balance in the intes-
tinal mucosa and reticuloendothelial system, was
decreased in SRL-treated patients whereas serum levels of
hepcidin are usually markedly increased with chronic
inflammation-related anemia. Consequently, they postu-
late that SRL affects a downstream mechanism, possibly
directly influencing ferroportin expression or function,
and thereby cellular iron metabolism. This is consistent
with the persistent microcytosis and the relative lack of
response to oral iron therapy that we observed in our
trial. Kim et al. [14] have argued against classical iron
deficiency anemia as well, stating that moderate to severe
anemia should be present before microcytosis occurs.

© 2007 The Authors
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They observed as we did that there was a high incidence
of microcytosis in patients treated with a SRL-based,
CNI-free regimen, even in the presence of mild anemia or
normal Hgb.

The discontinuation rate should be taken into account
when interpreting the findings from this study. Overall,
approximately 50% of patients completed 4 years of ther-
apy (see Table 1]. However, only 11% of SRL-CsA-ST
patients completed 5 years of assigned treatment. The
sharp increase in the discontinuation rate in the SRL-
CsA-ST group between years 4 and 5 was principally due
to the implementation of a protocol amendment to dis-
continue assigned therapy in this cohort, a decision based
on significantly better graft survival, renal function and
blood pressure in patients assigned to the CsA withdrawal
group. Although only one patient in the SRL-CsA-ST
group, and two in the SRL-ST group discontinued for
anemia, an analysis of last on therapy Hgb values (mean
of 118 g/l for SRL-CsA-ST and 117 g/1 for SRL-ST) indi-
cates that the Hgb tended to lower in discontinuing
patients that those remaining on therapy (see Hgb data in
Fig. 2).

In conclusion, CsA withdrawal followed by SRL immu-
notherapy resulted in significantly less anemia than con-
tinuous SRL-CsA-ST, despite twofold higher SRL
exposure. Hgb concentration correlated with time after
transplantation and with renal function, suggesting that
the improvement in GFR resulting from CsA withdrawal
mitigated the effect of SRL on hematopoiesis. Nonethe-
less, we cannot exclude that CsA may enhance the anemic
effects of SRL by mechanisms other than via renal func-
tion. SRL-treated patients have a low MCV, probably the
result of the effect of SRL on iron homeostasis. Over the
5 years of the study, the frequency of anemia and the
requirement for EPO therapy in SRL-ST treated patients
was similar to that reported for combined CNI-antime-
tabolite regimens.
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