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Abstract

Background: In systolic chronic heart failure, a heterogeneous blood volume (BV) regulation can be found with
plasma volume expansion in many cases, possibly leading to pseudoanemia. Little is known about the volume
status after heart transplantation (HTX). So far, anemia of HTX recipients was solely investigated using hemoglobin-
concentration that may be misleading in a clinical context. The objective of the study was whether a difference in
plasma volume and red cell volume can be observed in clinically stable heart transplant recipients compared to
matched control subjects. Secondary, the aim was to describe anemia in the long-term after HTX based on
quantitative data.

Methods: Blood volume and its constituents red cell volume and plasma volume were quantified using an
abbreviated carbon monoxide rebreathing method (aCORM) with focus on its primary measure total hemoglobin
mass (Hbmass) and coincidental anemia in 36 (7 women) heart transplant recipients. For comparison, a matched
control group of 46 (5 women) healthy subjects was selected.

Results: Neither Hbmass nor blood volumes were significantly different in HTX patients compared to matched
healthy control group subjects. The prevalence of anemia 6.3 ± 4.3 years after transplantation was 19%. Hbmass and
red cell volume were significantly lower in anemic HTX patients compared to non-anemic patients while plasma
volume was not expanded. Various immunosuppressant regimens did not have an effect on Hbmass, plasma
volume or red cell volume.

Conclusions: There was no difference in blood volumes and Hbmass between HTX patients and control subjects.
The pathophysiologic blood volume regulation in chronic heart failure does not seem to be longer active in long-
term HTX recipients. However, in the long-term after HTX, anemia occurs in a considerable number of patients as
true anemia without a clear association with immunosuppression.

Trial registration: German registry for clinical studies, DRKS00006078. Registered 09 May 2014, https://www.drks.
de/drks_web/navigate.do?navigationId=trial. HTML&TRIAL_ID=DRKS00006078.
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Background
In chronic heart failure (CHF), the composition of blood
volume (BV) continues to be of interest to fully understand
pathophysiological adaptations [1, 2]. Quantitative meas-
urement of total BV was considered essential to identify the
heterogeneity of BV regulation [1]. After heart transplant-
ation (HTX), that can be considered the definitive treat-
ment for CHF, there is limited data available concerning
the quantitative assessment of BV. In small studies, extra-
cellular fluid volume expansion was found in clinically
stable heart transplant recipients who became hypertensive
[3, 4]. This was explained to some extent by a failure to
suppress the renin-angiotensin-aldosterone system (RAAS)
when hypervolemia occurs after heart transplantation [5].
Volume overload in CHF is typically described as

plasma volume (PV) expansion, conceivably leading to
hemodilution and pseudoanemia [6–8]. It is of particular
importance that not all patterns of volume overload are
the same, and a marked heterogeneity between CHF pa-
tients can be observed [1, 9]. True anemia in the sense
of a reduced red cell volume (RCV) below normal is also
possible [10]. Reflecting on the complex pathophysi-
ology, our group recently described an increased RCV as
a “relevant contributing factor to hypervolemia in
addition to an expanded PV in compensated chronic
heart failure with reduced ejection fraction (EF)” [11].
On the other hand, anemia after heart transplantation

was suggested to have prognostic value [12, 13] but its
prevalence seems to vary in studies using different anemia
definitions [13–15] and time points of evaluation. These
data were relying on hemoglobin concentration [Hb],
which may be misleading in a clinical context. There is no
quantitative data available regarding anemia after HTX.
Clinicians frequently use radioactively labeled albumin

for assessment of intravascular volumes [9, 10]. In the
context of heart transplantation, PV was determined by
using a modified Evans blue dye (T-1824) dilution tech-
nique [5] and radioiodine-labeled serum albumin [4]. In
addition, rebreathing of carbon monoxide (CO) to deter-
mine hemoglobin mass (Hbmass) and RCV and PV can
be applied using different protocols [16, 17]. The abbre-
viated protocol (aCORM) [17] was used in applied physi-
ology and increasingly in a clinical environment [18].
The objective of the study was whether a difference in

PV and RCV can be observed in clinically stable long-
term heart transplant recipients compared to matched
control subjects applying aCORM. Secondary, the aim
was to describe coincidental anemia in the long-term
after HTX based on quantitative BV data.

Methods
Study design
In a cross-sectional, controlled approach, Hbmass, RCV
and PV were measured in 39 patients (8 women) after

heart transplantation. The patients (Group HTX) were
recruited upon their routine follow-up visit in the
transplantation unit of our heart center after providing
signed informed consent. Inclusion criteria were a period
of at least 6 months since transplantation and clinical
stability without any sign for organ rejection. Exclusion
criteria were hemodynamic instability, acute coronary
syndrome, anemia with a hemoglobin concentration
([Hb]) ≤ 8 g/dl, active bleeding, active malignancy, lim-
ited life expectancy < 1 year, noncardiac chronic renal
disease, uncontrolled lung disease, acute infection and
chronic inflammatory disease. Associated data such as
echocardiography and laboratory results, medication and
functional status were recorded in the context of the
visit. The subjects were deemed “stable” based on their
routine follow up visit free of cardiac symptoms and
without any sign for organ rejection.
A healthy control group (Group CON) with no obvi-

ous medical condition and no established medication
was matched retrospectively by age, body weight and
height from our database of reference subjects yielding
46 subjects (5 women) whose Hbmass and BV were pre-
viously measured using the aCORM in our laboratory.
This group was selected only for the comparison of
Hbmass and BV data. The same exclusion criteria ap-
plied to the control group.
The study was approved by the ethics committee of

our University Hospital (31/14) and is in line with the
latest revised form of the Declaration of Helsinki. The
study is registered in the German registry for clinical
studies (DRKS-ID: DRKS00006078).

Determination of laboratory results
Venous blood from HTX patients was analyzed for [Hb]
and Hct, proBNP, iron, ferritin, and transferrin satur-
ation as well as plasma levels of immunosuppressive
agents among other values. Vitamin B12 was not or-
dered on a routine basis. In CON, venous [Hb] and Hct
were available in the database from the time of applica-
tion of aCORM.

Determination of hemoglobin mass and blood volumes
Hbmass and subsequently, blood volumes were derived
applying aCORM [17]. As CO has a strong affinity for
hemoglobin (Hb), it can be used to label Hb molecules
by inhalation as CO holds excellent lung diffusion
capacities. The dilution of labeled Hb molecules in un-
labeled Hb molecules enables calculation of the total
number of Hb molecules and thus their dimension
Hbmass as the primary measured quantity according to
the formula mentioned below following to the indicator-
dilution principle. Subjects were in a seated position for
at least ten minutes before commencing the rebreathing
maneuver. The essential steps of the test procedure were
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practiced before execution. A defined CO bolus (0.7–0.8
ml/kg body weight) is deeply inhaled with a pause for
breath for 10 s and rebreathed for 110 s after mixture
with oxygen using a closed-circuit spirometer (SpiCO,
Blood Tec, Germany). A portable gas analyzer (Draeger
Pac 7000, Draeger, Germany) was used to detect CO
leakages at the mouthpiece and the spirometer during
the procedure. The spirometer then was disconnected.
The amount of CO remaining in the rebreathing circuit
and spirometer was quantified. Carboxyhemoglobin con-
centration [COHb] was measured in capillary blood be-
fore as well as six and eight minutes after administration
of CO. Capillary sampling was performed from the
earlobe using a hyperemizing ointment (Finalgon 4mg/
g + 25mg/g, Nonivamid and Nicoboxil, Boehringer
Ingelheim, Germany) to standardize blood-sampling
conditions. Each sample was drawn into a capillary tube
with a volume of 55 μl (Radiometer Clinitubes 55 μl,
Radiometer, Denmark) and immediately analyzed using
a point-of-care blood gas analyzer (in HTX Radiometer
ABL 700series, Radiometer, Denmark, in CON Radiom-
eter OSM3, Radiometer, Denmark) for determination of
[COHb] and capillary [Hb]. Two additional capillary
samples were drawn into two further capillary tubes,
each with a volume of maximal 50 μl (Hettich Standard,
Hettich, Germany) and immediately used for determin-
ation of Hct using a centrifuge (Hettich Mikro 20,
Hettich, Germany). Hbmass was calculated from the
mean change in [COHb] as described previously [17]
and outlined here:

Hbmass ¼ K�MCO � 100� ΔHbCO%� 1:39ð Þ−1

where.
K = current barometric pressure × 760− 1 × [1 +

(0.003661 × current temperature)].
MCO = COadministered (COsystem + lung (after disconnection) +

COexhaled (after disconnection)).
COadministered = CO volume administered into the

spirometer.
COsystem + lung (after disconnection) = CO concentration in

the spirometer × (spirometer volume + lung residual
volume).
COexhaled (after disconnection) = end-tidal CO concentra-

tion × alveolar ventilation × time.
ΔHbCO% = difference between baseline HbCO and

HbCO in the blood samples after CO administration.
1.39 Hüfner’s number (ml CO ×Hb− 1)
End tidal CO concentration and CO concentration in

the spirometer were directly determined using a portable
CO analyzer (Draeger Pac 7000, Draeger, Germany). Al-
veolar ventilation and lung residual volume were ap-
proximated based on the subject’s characteristics.

Alveolar ventilation and lung residual volume were ap-
proximated based on the subject’s characteristics.
Units: Hb: g; current barometric pressure: mmHg;

current temperature: °Celsius; CO: ml; CO concentra-
tion: ppm.
Intravascular volumes (RCV, PV, BV) can be then cal-

culated using the following formulas [19]:

RCV ¼ Hbmass=MCHC�100

BV ¼ RCV�100=Hct1

PV ¼ BV - RCV

MCHC =mean corpuscular hemoglobin concentration,
venous [Hb] and Hct were used for determination of
MCHC. For RCV calculation, Hct was corrected to
whole-body Hct by the factor 0.91 [20] (Hct1). As ven-
ous [Hb] was unavailable in four HTX patients, it was
inferred from capillary [Hb] by a factor based on regres-
sion analysis of venous and capillary [Hb] in the
remaining HTX subjects. Based on the recommendation
of the International Council for Standardization in
Hematology (ICSH), intravascular volumes and Hbmass
were adjusted to body surface area (BSA) [21] to present
data for better comparison. BSA (m2) was estimated by
using the Du Bois formula [22].
For both groups, the expected normal blood volumes

were calculated according to the gender-specific ICSH
formulae [21] to analyze subjects in both groups regard-
ing their predicted BV.
Anemia was defined according to the definition of the

World Health Organization (WHO) with [Hb] < 13 g/dl
in men and [Hb] < 12 g/dl in women [23]. GFR was esti-
mated using the equation suggested by the Modification
of Diet in Renal Disease Study Group (MDRD) [24].
EF was determined through the modified biplane

Simpson’s rule [25] if possible based on image quality. In
case of insufficient image quality, EF was estimated by
thorough visual analysis of regional wall motion and
classification from the standard long axis parasternal
view, short axis parasternal view as well as apical four
and two chamber view.

Statistical analysis
SAS JMP 9.0 and Graphpad Prism 6.0f were used for
data administration and statistical analyses. A two-tailed
t-test was used to test for group differences. A two-
tailed chi-square test was used for the analysis of contin-
gency tables regarding anemia. An ordinary one-way
ANOVA was used to test the effect of the immunosup-
pressant regimen on Hbmass and blood volumes. The
prevalence of anemia was analyzed using Fischer’s exact
test. The alpha level was set at 0.05.
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Results
In HTX, three patients (one woman) had to be excluded
due to insufficient test performance (e.g. lack of under-
standing of the instructions) and leakages at the mouth-
piece. In the final analysis, 36 (7 female) HTX patients
and 46 (5 female) CON subjects were included. All sub-
jects tolerated aCORM well. There were no adverse car-
diac effects, such as chest pain, dizziness or shortness of
breath, and no signs of CO toxicity such as headaches or

visual disturbances. The [COHb] before CO rebreathing
was 1.1 ± 0.7% in HTX and 1.0 ± 0.9% in CON. At the
time “6 min” after the commencement of CO rebreath-
ing [COHb] increased to 6.3 ± 1.3% in HTX and 6.8 ±
1.2% in CON.
The baseline characteristics of both groups including

gender-specific data are displayed in Table 1. There were
no significant differences between both groups regarding
anthropometric data or distribution of age. In HTX, time

Table 1 Baseline characteristics of heart transplant recipients and healthy control subjects

Group p

HTX CON

Sex (F, M, total n) 7 F, 29 M, 36 5 F, 41 M, 46

Age (yrs) 51.6 ± 15.3 52.1 ± 13.4 0.878

Height (cm) 177.3 ± 8.0 178.4 ± 6.4 0.531

Weight (kg) 83.9 ± 18.1 83.0 ± 10.7 0.773

BMI (kg/m2) 26.6 ± 5.0 26.1 ± 3.6 0.676

BSA (m2) 2.0 ± 0.2 2.0 ± 0.1 0.944

Heart rate (/min) 84.7 ± 10.9 –

Mean arterial pressure (mmHg) 104 ± 10.7 (n = 32) –

Ejection fraction (%), Simpson’s rule 59.7 ± 6.7 (n = 29) –

E/e’ mean 9.2 ± 4.1 (n = 31)

proBNP (pg/ml) 555 ± 525 (n = 32) –

Years since heart transplantation 6.3 ± 4.3 –

Cause for HTX

Ischemic CM, n (%) 9 (25) –

Dilatative CM, n (%) 20 (56) –

Myocarditis, n (%) 5 (14) –

Other, n (%) 2 (5) –

Medication in HTX

Calciumchannel blocker 19 (53)

Beta-blocker 8 (22) –

Ivabradine 1 (3) –

ACE-inhibitor 15 (42) –

AT-1 antagonist 9 (25) –

Diuretic 19 (53) –

Loop diuretic 16 (44) –

Thiazide 4 (11) –

Iron supplementation 3 (8) –

Glucocorticoid 3 (8) –

Immunosuppression

Everolimus / Cyclosporine 18 (50) –

Everolimus / Tacrolimus 7 (19) –

MMF / Cyclosporine 7 (19) –

MMF / Tacrolimus 4 (11) –

Footnote: Data presented as mean ± SD. HTX = heart transplant recipients. CON = control subjects. BMI = body mass index. BSA = body surface area. proBNP = pro
– brain natriuretic peptide (normal range < 125 pg/ml). CM = cardiomyopathy. ACE = angiotensin converting enzyme. AT-1 = angiotensin 1.
MMF =mycophenolate mofetil
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since transplantation was 6.3 ± 4.3 years with a normal
function of the transplanted heart assessed by EF of
59.7 ± 6.7%. Medical therapy and the immunosuppres-
sant regimen of HTX are displayed in Table 1. The large
standard deviation of proBNP is based on three outliers
with values above 1500 pg/ml, who were clinically
asymptomatic.
Hbmass as well as RCV were not different between

HTX and CON, neither in the absolute nor BSA-
adjusted analysis (Table 2). PV was not significantly dif-
ferent in both groups albeit in HTX there was a trend
towards an increased PV which was significant in the
small subset of women. Accordingly, venous [Hb] and
Hct were significantly lower in HTX compared to CON.
The total BV was similar in both groups (Table 2). The
calculated normal values for BV parameters did not vary
between HTX and CON.
Figure 1 shows individual data of BSA-adjusted

Hbmass and blood volumes. In HTX, diuretics were
used in 53% of patients (Table 2). In a subgroup analysis,
there was no difference of HTX patients with diuretics
(44%) against patients without diuretics (56%): Hbmass
(p = 0.997), RCV (p = 0.989), PV (p = 0.370) and BV
(p = 0.594). When analyzing HTX patients with (67%) or
without (33%) RAAS-inhibition, PV was significantly

lower with RAAS-inhibition (P = 0.037) while Hbmass,
RCV and BV were indifferent.
When defined by the WHO criteria, anemia was more

common in HTX (7 patients (19%)) than in CON (2
subjects (4%), p = 0.038). The details of the anemic HTX
patients are presented in Table 3 and Fig. 2. Anemic
HTX patients yielded significantly reduced Hbmass and
RCV (BSA-corrected values). PV and BV were not sig-
nificantly different between anemic and non-anemic
HTX patients. This reduction of Hbmass and RCV
translated into significantly reduced venous [Hb] and
Hct. Anemic HTX patients had significantly lower
iron and transferrin saturation while vitamin D, fer-
ritin and CRP were indifferent compared to non-
anemic patients.
There was no significant effect of the type of immuno-

suppressant regimen on Hbmass (p = 0.139), RCV (p =
0.182), PV (p = 0.249) and BV (p = 0.161). Except for the
least common combination MMF / Tacrolimus (4 pa-
tients), anemia was observed in the three other regimens
(Fig. 3).

Discussion
The main result was that no differences in PV and RCV
were found between HTX and CON. For the first time,

Table 2 Blood volume data and selected laboratory data of heart transplant recipients and healthy control subjects
All subjects Men Women

HTX N CON N p HTX N CON N p HTX N CON N p

Absolute

Hbmass (g) 785 ± 221 36 806 ± 121 46 0.597 843 ± 195 29 832 ± 100 41 0.781 543 ± 149 7 597 ± 59 5 0.409

RCV (ml) 2341 ± 653 36 2351 ± 345 46 0.938 2500 ± 572 29 2425 ± 280 41 0.517 1684 ± 579 7 1743 ± 189 5 0.809

PV (ml) 3871 ± 846 36 3649 ± 513 46 0.171 4012 ± 703 29 3757 ± 430 41 0.090 3289 ± 1175 7 2767 ± 156 5 0.289

BV (ml) 6212 ± 1433 36 6000 ± 801 46 0.428 6512 ± 1198 29 6182 ± 636 41 0.183 4973 ± 1750 7 4510 ± 230 5 0.514

BSA-corrected

Hb mass (g/m2) 386 ± 85 36 400 ± 45 46 0.387 407 ± 80 29 410 ± 35 41 0.873 299 ± 25 7 317 ± 23 5 0.222

RCV (ml/m2) 1152 ± 243 36 1165 ± 125 46 0.758 1208 ± 231 29 1195 ± 94 41 0.776 919 ± 132 7 924 ± 72 5 0.932

PV (ml/m2) 1919 ± 208 36 1814 ± 222 46 0.089 1948 ± 304 29 1855 ± 195 41 0.155 1798 ± 317 7 1472 ± 114 5 0.037

BV (ml/m2) 3071 ± 505 36 2979 ± 312 46 0.344 3156 ± 488 29 3050 ± 246 41 0.289 2717 ± 443 7 2396 ± 114 5 0.110

Calculated normal (ICSH)

RCV (ml) 2097 ± 369 36 2123 ± 250 46 0.713 2232 ± 232 29 2186 ± 181 41 0.376 1537 ± 301 7 1609 ± 81 5 0.563

PV (ml) 3104 ± 422 36 3135 ± 258 46 0.696 3246 ± 246 29 3197 ± 192 41 0.376 2515 ± 504 7 2627 ± 128 5 0.560

BV (ml) 5201 ± 788 36 5258 ± 508 46 0.703 5478 ± 478 29 5383 ± 373 41 0.376 4052 ± 805 7 4236 ± 209 5 0.560

Additional data

[Hb] (g/dl) 13.8 ± 1.6 36 14.8 ± 0.9 46 0.002 14.1 ± 1.5 29 14.8 ± 0.9 41 0.043 12.2 ± 1.2 7 14.5 ± 1.1 5 0.006

Hct (%) 41.0 ± 4.0 36 43.1 ± 2.7 46 0.012 41.9 ± 3.9 29 43.1 ± 2.7 41 0.161 37.3 ± 1.6 7 42.4 ± 3.2 5 0.020

Iron (μg/dl) 74 ± 28 33 – – 75 ± 25 27 – – 69 ± 40 6 – –

Ferritin (ng/ml) 138 ± 139 31 – – 144 ± 146 25 – – 113 ± 110 6 – –

Transferrin saturation (%) 20 ± 7 33 – – 21 ± 7 27 – – 18 ± 7 6 – –

Footnote: Data presented mean ± SD. HTX = heart transplant recipients. CON = control subjects. BSA = body surface area. Hbmass = total hemoglobin mass. RCV =
red cell volume. PV = plasma volume. BV = blood volume. *calculated normal values according to ICSH formulae (sex-dependent). [Hb] = venous hemoglobin
concentration. Hct = venous hematocrit. N indicates the number of patients/subjects for whom data was available. p indicates the p-value (bold numbers indicate
statistical significance)
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we present quantitative measurements of Hbmass and
PV in the context of coincidental anemia in the long-
term after HTX and showed that anemia occurs in a
considerable number of patients as true anemia without
a clear association with immunosuppression. As ex-
pected, based on the available studies in other groups of
patients [26–28], the applicability of aCORM was safe in
transplanted patients. The increase of [COHb] was com-
parable to existing data in a clinical setting [27, 28] and
there were no unwanted or harmful effects.
Several methods are available for quantitative assess-

ment of total BV, which is often considered laborious
and generally not applied in routine diagnostics. In
addition to the use of radioactive tracers in indicator-
dilution techniques [9, 10], inhaled CO is a tracer to

determine hemoglobin mass (Hbmass) and derivative
RCV and PV. CO rebreathing was first used for deter-
mination of Hbmass more than 100 years ago [29] and
was modified in different protocols of which two were
predominantly applied in the recent decade as described
by Burge and Skinner [16] and Schmidt and Prommer as
the abbreviated form (aCORM) [17]. With Hbmass be-
ing the measured variable from which intravascular vol-
umes are derived, it was shown that these volumes are
closely correlated (r = 0.97) to those determined by
radioactive labeling techniques [30]. As CO rebreathing
allowed a detection of the withdrawal of small quantities
of blood it can be considered as precise [17, 31] and less
time consuming compared to radiolabeling techniques
[26, 32]. Its application was safely possible in several

Fig. 1 Comparison of heart transplant recipients (HTX) and healthy control subjects (CON) with individual data (grey shades, women are
displayed as circles, men as squares. Anemia according to WHO definition is expressed by empty symbols) and boxplots of body-surface
corrected hemoglobin mass (Hbmass), red cell volume (RCV), plasma volume (PV) and blood volume (BV)
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groups of patients with anemia [26], coronary artery dis-
ease [27], chronic heart failure [11, 28], liver disease [33]
as well as in the preoperative setting [34].
In comparison to the few existing studies in the field,

we were able to examine three times as many heart
transplant recipients and use an equally large matched
control group. Although only of observational quality,
another novelty was the inclusion of seven women in the
final analysis, and we were able to study a greater variety
of immunosuppressive regimens.
In HTX, PV was significantly increased in the small

subset of women (+ 22% BSA-corrected PV) and there
was a trend towards an expanded PV in the male subset
(+ 6% BSA-corrected PV). Accordingly, the
concentration-dependent variables venous [Hb] and Hct
were significantly lower in HTX compared to CON but

with presumably low clinical relevance judged upon the
magnitude of the difference. Thus, our results support
the previous findings of a PV expansion after transplant-
ation also in so far as PV was lower in the subgroup ana-
lysis of patients treated with RAAS-inhibitors opposed
to an increased PV in the non-RAAS-inhibition group.
Although we present a cross-sectional approach, this
is in line with previous work demonstrating a PV re-
duction of 12% upon administration of high-dose cap-
topril [5]. Braith et al. concluded that fluid retention
is partly engendered by a failure to reflexively sup-
press the RAAS when heart transplant recipients be-
come hypervolemic [5].
In the past, immunosuppressant agents such as cyclo-

sporine were also discussed to contribute to an ex-
panded PV [5]. In contrast, despite receiving equivalent

Table 3 Blood volume data and selected laboratory data of heart transplant recipients with and without anemia

HTX

Anemic N Non-anemic N p

Absolute

Hbmass (g) 593 ± 168 7 831 ± 209 29 0.009

RCV (ml) 1892 ± 615 7 2450 ± 624 29 0.059

PV (ml) 3893 ± 1195 7 3866 ± 767 29 0.955

BV (ml) 5785 ± 1802 7 6316 ± 1347 29 0.487

BSA-corrected

Hb mass (g/m2) 303 ± 48 7 406 ± 80 29 < 0.001

RCV (ml/m2) 961 ± 176 7 1198 ± 236 29 0.012

PV (ml/m2) 1984 ± 343 7 1903 ± 303 29 0.580

BV (ml/m2) 2945 ± 511 7 3101 ± 508 29 0.488

Additional data

[Hb] venous (g/dl) 11.4 ± 0.8 7 14.3 ± 1.2 25 < 0.001

Hct venous (%) 35.8 ± 1.5 7 42.8 ± 3.3 25 < 0.001

Erythrocytes (Mio/μl) 4.5 ± 0.5 7 5.2 ± 0.5 25 0.007

MCV 80.0 ± 6.1 7 82.1 ± 4.9 25 0.431

MCH 25.4 ± 2.8 7 27.5 ± 1.8 25 0.108

MCHC 31.7 ± 1.6 7 33.5 ± 0.8 25 0.024

Iron (μg/dl) 48 ± 18 7 81 ± 26 26 0.002

Ferritin (ng/ml) 198 ± 269 7 123 ± 88 25 0.531

Transferrin saturation (%) 15 ± 6 6 21 ± 7 26 0.044

Vitamin D (ng/ml) 24 ± 15 6 25 ± 14 24 0.902

CRP (mg/l) 6.6 ± 4.2 5 9.9 ± 7.4 14 0.246

Serum-creatinine (mg/dl) 1.4 ± 0.4 7 1.2 ± 0.4 25 0.335

GFR (ml/min) 59 ± 29 7 73 ± 28 25 0.306

Urea (mg/dl) 62 ± 28 7 45 ± 26 25 0.182

Footnote: Data presented mean ± SD. HTX = heart transplant recipients. BSA = body surface area. Hbmass = total hemoglobin mass. RCV = red cell volume. PV =
plasma volume. BV = blood volume. [Hb] = venous hemoglobin concentration. Hct = venous hematocrit. MCV =mean corpuscular volume. MCH =mean
corpuscular hemoglobin. MCHC =mean corpuscular hemoglobin concentration. CRP = C-reactive protein. GFR = Glomerular filtration rate. N indicates the number
of patients/subjects for whom data was available. p indicates the p-value (bold numbers indicate statistical significance)
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amounts of cyclosporine, Braith et al. presented six nor-
movolemic liver transplant recipients compared to 11
hypervolemic heart transplant recipients [3]. In good
correspondence with his report, we did not find an effect
of the type of immunosuppressant regimen on PV.
The rate of diuretic therapy was 53% in the HTX

group, which might have obscured PV expansion in
some patients. However, if tested against HTX patients
without diuretic therapy, there was no difference in PV,
RCV or Hbmass. In a previous study of CHF patients,
recompensation in response to diuretic therapy leads to
a relatively small change in quantitative BV, most likely
as a result of transcapillary shifting from the interstitial
to the intravascular compartment [35].
As an analogy, applying aCORM in a group of CHF

patients with reduced EF in our laboratory [11], an

average PV (corrected for BSA) of 2069 ± 400 ml/m2 was
found compared to 1919 ± 208 ml/m2 in this study dem-
onstrating an about 8% lower PV in HTX compared to
CHF. It could be hypothesized that over time, the patho-
physiologic BV regulations known in CHF are no longer
active after heart transplantation. Thus, based on our
data, heterogeneity of PV distribution in heart transplant
recipients becomes evident and PV expansion is perhaps
less common than previously described. Interestingly,
our HTX group yielded an elevated proBNP in line with
previous observations [36] without evidence for volume
overload.

Anemia in heart transplant recipients
Particular attention should be given to anemia after
heart transplantation due to its potential effect on long-

Fig. 2 Non-anemic and anemic heart transplant recipients (HTX) with individual data (grey shades, women are displayed as circles, men as
squares. Anemia according to the WHO definition is expressed by empty symbols) and boxplots of body-surface corrected hemoglobin mass
(Hbmass), red cell volume (RCV), plasma volume (PV) and blood volume (BV)
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term prognosis [12, 13]. The quantitative measurement
of Hbmass as well as RCV and PV is important as it
helps to distinguish true anemia from hemodilution. We
opted to use WHO criteria [23] for the definition of
anemia [13]. It seems there is a temporal dependence of
the development of anemia with high prevalence postop-
eratively from 90% at discharge [37] to 78% six weeks
after transplantation [38] and decrease in the further
course when summarizing the few available studies.
However, even 115 to 120 months after transplantation,
anemia rates of 26% [37] to 41% [13] were reported. At
a mean follow-up of 76 months after transplantation, we

found a slightly lower anemia prevalence of 19%, which
might have influenced the results.
For the first time, we are able to determine Hbmass

and RCV in anemic heart transplant recipients. Opposed
to pseudoanemia in CHF [7], true anemia is more preva-
lent after transplantation. Our anemic HTX patients had
lower iron levels and transferrin saturation indicating
possible mild iron deficiency although erythrocytes were
normocytic and normochromic. Interestingly, this was
not associated with renal function that was previously
identified as a predisposing factor [13, 37]. As a limita-
tion, our HTX subjects showed only moderate renal

Fig. 3 Effect of immunosuppressant regimens with individual data (grey shades, women are displayed as circles, men as squares. Anemia
according to WHO definition is expressed by empty symbols) and boxplots of body-surface corrected hemoglobin mass (Hbmass), red cell
volume (RCV), plasma volume (PV) and blood volume (BV). MMF =mycophenolate mofetil
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impairment with five HTX patients yielding a GFR < 40
ml/min. We further acknowledge that the analysis of
anemia would have been more informative if performed
earlier after HTX.
There are heterogeneous data concerning the im-

munosuppressant regimen as mycophenolate mofetil
was found to be a predisposing factor for anemia [37] as
well as sirolimus [39]. On the other hand, immunosup-
pressants (e.g. calcineurin inhibitors vs. mTOR-
inhibitors) did not seem to affect the prevalence of
anemia [13, 15]. To this end, evaluating four different
immunosuppressant regimens, each used in a smaller
number of subjects, we did not see an effect on the
quantitative measures Hbmass and RCV.
In addition, as further non-anemic heart transplant

recipients had similar BSA-corrected Hbmass and
RCV compared to anemic subjects, it becomes
obvious for the clinician that concentration-based
parameters [Hb] and Hct do not adequately reflect
intravascular volume status [26]. However, it is im-
portant to note that it remains difficult to define an
individual normal Hbmass or RCV.

Limitations
Interpretation of the impact of immunosuppression
seems limited by the small numbers and the most com-
mon immunosuppression regimen in this patient cohort
(everolimus/cyclosporine) which might be considered
not reflective of the greater transplant community. Fur-
thermore, the number of female and anemic subjects is
low, which limits the significance of the analyses. An-
other possible limitation to the direct comparison with
the few previous studies after heart transplantation [3, 4]
is the introduction of a further method for quantitative
BV measurement. As there is no consensus on what the
standard method for predicting normal BV should be,
we have used the control group of healthy subjects. In
addition, various methods of adjustment of BV data for
body size have been applied. Among others [7, 40], we
applied BSA for adjustment as recommended by Pearson
et al. [21] to present data for better comparison to the
control group.
Finally, we studied compensated heart transplant

recipients. It would have been interesting to focus on
patients that re-developed heart failure or require
hospitalization. This seems important, as data exists
even in nonedematous CHF patients linking
unrecognized hypervolemia to increased cardiac filling
pressures and worse patient outcomes [41]. In the fu-
ture, it would be of great interest of conducting a longi-
tudinal study following heart transplant recipients with
repetitive BV measurements over time, comparing those
who develop heart failure to those who do not.

Conclusions
There was no difference in blood volumes and Hbmass
between HTX patients and control subjects in the long-
term after heart transplantation. This is the first study
applying CO rebreathing in a larger group of patients
after heart transplantation. Based on our data, we
hypothesize that the pathophysiologic BV regulation in
CHF does not seem to be longer active in long-term
HTX recipients. While PV was not significantly different
from CON it may show a more heterogeneous distribu-
tion after HTX without a clear expansion. Anemia oc-
curs in a considerable number of patients as true anemia
that is suggestive of anemia in chronic disease and func-
tional iron deficiency [15, 39]. Various immunosuppres-
sant regimens did not affect the absolute measures
Hbmass, RCV, or PV six years after heart transplantation
in this group of stable heart transplant recipients.
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