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ABSTRACT

OBJECTIVE
To evaluate the effects of intravenous iron on red cell
transfusion and recovery after cardiac surgery.

DESIGN
International, multicentre, double blind, placebo
controlled randomised trial (ITACS).

SETTING
33 hospitals across 10 countries. Participants were
enrolled between July 2016 and December 2023.

PARTICIPANTS

955 adults with anaemia undergoing elective
cardiac surgery. Exclusion criteria included
haemoglobinopathy or iron storage disorder, renal
dialysis, and erythropoietin or intravenous iron given
in the previous four weeks.

INTERVENTION

A computer generated program randomised
participants to intravenous iron 1000 mg or placebo
1-26 weeks before surgery. Participants, clinicians,
and data collectors were masked to the intervention.

MAIN OUTCOME MEASURES

The number of days alive and at home up to 90 days
after surgery (primary outcome), red cell transfusion
requirements and complications (secondary
outcomes).

RESULTS

0f 2993 screened participants, 955 were enrolled and
921 of the eligible 939 modified intention-to-treat
participants were assessed for the primary outcome.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

Anaemia and blood transfusions are associated with an increased risk of
complications and longer hospital stays after cardiac surgery

Preoperative intravenous iron supplementation increases haemoglobin and
may reduce red cell transfusion, but evidence does not show improved patient
centred outcomes or home days after cardiac surgery

WHAT THIS STUDY ADDS

This study shows that intravenous iron repletion in patients with anaemia before
cardiac surgery increased preoperative haemoglobin concentration, reduced the
need for red cell transfusion, and resulted in an extra day at home in the first 90
days after surgery

Intravenous iron saved approximately 44 units of blood products for every 100
patients treated

These benefits were similar in patients with or without demonstrable iron
deficiency
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The median number of days alive and at home up to
90 days after surgery was 81.1 (interquartile range
74.8-83.7) in patients assigned to intravenous iron
and 80.0 (69.5-83.6) in those receiving placebo
(adjusted median difference 1.0 day, 95.4%
confidence interval 0.0 to 2.1 days, P=0.041). Red
cell transfusions were given to 262 patients (61.1%)
in the iron group and 302 (68.2%) in the placebo
group during their hospital stay (relative risk 0.90,
95% confidence interval 0.82 to 0.99, P=0.027). No
differences were observed for major complications or
length of hospital stay.

CONCLUSION

Among patients with anaemia undergoing elective
cardiac surgery, preoperative intravenous iron was
associated with a reduction in red cell transfusion and
a small improvement in the number of days alive and
at home in the first 90 days after surgery. Intravenous
iron is an effective component of patient blood
management in this setting.

TRIAL REGISTRATION
ClinicalTrials.gov NCT02632760.

Introduction

Preoperative anaemia affects a third of patients
undergoing cardiac surgery and increases the risk of
red cell transfusion.! Contemporary studies report
approximately 20-50% of patients having cardiac
surgery receive a blood transfusion.'” Anaemia and
blood transfusion are associated with increased
complications, intensive care unit and hospital stay,
and mortality after cardiac surgery.®*

The most common cause of anaemia globally is
iron deficiency,’ and intravenous iron is a readily
available and relatively inexpensive treatment option
for patients in advance of major surgery. However, the
safety, cost effectiveness, and impact on quality of life
of intravenous iron supplementation in this setting are
uncertain.®” A 2024 systematic review of 14 clinical
trials including 2043 patients undergoing cardiac
surgery found that preoperative intravenous iron
reduced the need for red cell transfusion from 53.4% to
40.2%, relative risk 0.77 (95% confidence interval (CI)
0.65 to 0.92). However, the study showed no beneficial
effects on postoperative complications or any other
patient centred outcomes.>

The ITACS (intravenous iron to treat anaemia before
cardiac surgery) trial evaluated whether intravenous
iron supplementation in patients with preoperative
anaemia improves recovery and reduces complications,
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enabling patients to have more time at home in the 90
days after cardiac surgery.

Methods

Trial design

We have previously published the design and
rationale of the ITACS trial.® This was a multicentre,
international, double blind, randomised, parallel
group, placebo controlled pragmatic trial to assess
whether intravenous iron was superior to placebo in
patients with anaemia before cardiac surgery. We did
not require evidence of iron deficiency as a cause of
the anaemia. Patients were randomly assigned (1:1)
to preoperative intravenous iron or matched placebo.
The ethics committee at each site approved the study.
Steering committee members vouch for the accuracy
of the dataset and adherence to the protocol and
analysis plan. The trial is registered at ClinicalTrials.
gov (NCT02632760).

Participants

Eligible participants included men and women
aged at least 18 years with anaemia (haemoglobin
concentration <130 g/L) and with or without known
iron deficiency. Participants were expected to undergo
elective on-pump or off-pump cardiac surgery and
were able to receive the trial drug 1-26 weeks before
their planned operation. We modified our sex based
haemoglobin inclusion criterion in the early phase
of the trial because of growing criticism about a
sex discriminatory criterion. We excluded patients
undergoing transcatheter aortic valve implantation
(but included patients who had their operation
modified to either of these procedures after enrolment
and randomisation), those with known or suspected
haemoglobinopathy or iron storage disorder, those
having renal dialysis, and those who received
erythropoietin or intravenous iron in the previous four
weeks. Complete details are reported in supplementary
file S2. All patients provided written informed consent.

Randomisation and blinding

Randomisation was performed using a computer
generated code that was accessed through a web
based service. Group assignment was stratified by site,
baseline haemoglobin (< or 2100 g/L), and planned
surgery (isolated coronary artery or single valve,
or combined or other) using permuted blocks. The
patients, anaesthetic and surgical teams, outcome
assessors, and endpoint adjudicators were masked to
group identity.

Intervention

The preparation of the study drug and its administration
was done by unmasked study personnel or a hospital
pharmacist not involved in any study evaluations.
Preparation required drawing up the active drug
or placebo (0.9% saline) into a black syringe and
administration through a black (opaque) infusion
line into a dedicated peripheral intravenous catheter
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(supplementary file S3),® and administered by slow
intravenous push or infusion over 15-30 mins. We used
one of two intravenous iron preparations according to
country (supplementary file S1): ferric carboxymaltose
(Vifor Pharma, Opfikon, Switzerland) or ferric
derisomaltoside also known as iron isomaltoside 1000
(Pharmacosmos A/S, Holbaek, Denmark), each 1000
mg, as a single dose infusion.® The effectiveness of
patient masking was evaluated by asking patients to
guess their group assignment on the eventual day of
surgery.

Trial procedures

Patient demographic and perioperative data were
recorded. The European System for Cardiac Operative
Risk Evaluation II was used to indicate perioperative
risk,” with higher scores indicating greater risk. All
surgical, anaesthetic, and other perioperative clinical
care, including investigations, were performed
according to local practices. Red cell transfusion was
recommended in line with established national and
institutional guidelines.” '°

Blood samples were collected at baseline (before the
intravenous study drug was administered) to measure
haemoglobin and haematocrit, ferritin, transferrin
and transferrin saturation, C reactive protein, and
creatinine. Repeat blood tests were done on the day
of surgery. If the baseline blood tests suggested that
iron deficiency was an unlikely cause of the anaemia,
additional blood testing was done to identify anaemia
of chronic disease.’® ' Measurement of serum
phosphate was recommended on the day of surgery
but not mandated.

Functional and quality of life questionnaires were
completed at baseline, hospital admission, and
during follow-up using the World Health Organization
Disability Assessment Schedule 2 (WHODAS),"
MacNew Heart Disease Health related Quality of
Life,”> and the EuroQol 5-dimension scale.!* These
questionnaires measured the participant’s quality of
life covering the domains of mobility, self-care, usual
activities, pain or discomfort, anxiety or depression,
and overall health state. Details of surgery, intensive
care unit and hospital stay were recorded on the case
report form.

Outcomes

We devised a statistical analysis plan with prespecified
outcomes and published it on our publicly available
trial website (www.itacs.org.au) before completion of
the trial (supplementary file S4). We anticipated that
some patients undergoing elective surgery would have
achange in their health status, a change in the planned
operation, or a change in their medical condition
leading to cancellation of the operation. For these
situations, the date of the change or cancellation of
their original planned surgery was used as the intended
date of surgery. These patients had their follow-ups to
90 days from that time so that their outcome data could
be collected.
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The primary outcome of the study was the number
of days alive and at home up to 90 days after surgery
(DAH,,)."> *® DAH,, is a patient centred metric that
encompasses the duration of hospital stay, additional
days of any inpatient rehabilitation or readmission
or both, and postoperative mortality. The calculation
of DAH,, is detailed in the statistical analysis plan
(supplementary file S4). In brief, DAH,, is calculated
using the day and time of surgery as the starting point
(day 0) and calculated as all days spent at home by
the patient until day 90. A patient who dies within
90 days of surgery is scored as zero irrespective of
whether they had spent some of that time at home.
If the patient is discharged to a nursing facility or
readmitted to hospital, the time spent in hospital
because of readmission or that facility will be deducted
in the DAH,, calculation (up to the limit of 90 days).
Examples of DAH,, consistent with this definition are
given in the protocol. Our case report form collected
date (dd.mm.yyyy) and time (hh.mm) so that we
could calculate DAH,, precisely, then we rounded
it to fractions of a day for clinical relevance. Death
within 90 days of surgery was recorded as zero days at
home irrespective of whether patients had some time
at home in that follow-up period.'? ** We originally
planned to measure our primary outcome up to 30
days after surgery (DAH,,) but recent clinical trials
suggested a possible delayed response to the peak
effect of intravenous iron, with readmissions beyond
30 days being a feature.'” '® Therefore, we amended
our primary outcome in December 2020.

The prespecified secondary outcomes were change
in haemoglobin concentration from day of enrolment
to day of surgery (preoperative response), correction
of iron deficiency state (ferritin, transferrin saturation)
from treatment to day of surgery, red cell transfusion
(units), postoperative complications, 15 item quality of
recovery scale," intensive care unit and hospital stay,
DAH,,, disability-free survival,'> 90 day survival, and
patient reported quality of life. 1> '* Adverse events were
recorded (supplementary file S15). A cost effectiveness
analysis is planned and will be published later.

Statistical analysis

DAH;, and DAH,, have a skewed distribution to the
left with a small spike at day O owing to deaths in
hospital.’® *® The required sample size was obtained
with simulations (B=10000) by generating first
hospital length of stay using a log-normal distribution,
truncating DAH;, at 26 days, and finally computing
DAH,, as 26 minus duration of hospital stay.® The log-
normal distribution was calibrated to achieve a similar
variability (standard deviation 8) and the median in
the control arm was set to 17 days. A sample size of
n=1000 has 93% and 81% power to detect a median
increase of 1.5 and 1.25 days, respectively, using
the Wilcoxon sum rank test; these proportions are
comparable for DAH,,. After adjustment for 5% loss to
follow-up and 10% crossover in the experimental arm,
the trial had 94% power to detect a median difference

of 1.45 days in DAHy,.
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All patients were analysed in the groups to which
they were assigned according to the intention-to-treat
principle. For analysis of DAH,, we used a Wilcoxon
rank sum test and quantile regression for estimating the
treatment effect at the median DAH,,, adjusted for the
randomisation stratification factors, and confidence
interval (CI), with CI considered the decisive analysis
in case of discrepancy. Cls for the effect of intravenous
iron on the median DAH,, or other relevant quantiles
were obtained using bootstrapping with B=4000
replicates and centile based CIs. The nominal level
95% was slightly corrected (ie, 95.4% CI) to account
for the two interim analyses.

Continuous secondary outcomes were analysed
using multivariable linear regression. These analyses
were adjusted for the baseline measurement of the
outcome when available. Red cell transfusion units,
DAH,,, and length of stay outcomes are summarised
with medians and interquartile ranges and with
estimated differences between medians and their
95% CIs computed through quantile regression.
For quantile regression, death before discharge was
set as the largest duration. Binary outcomes are
expressed as risk ratios and standard 95% CIs using
log-binomial regression or exact logistic regression
to approximate these values when the number of
events in either arm is fewer than five. In case of
convergence issues with log-binomial regression, log-
Poisson regression with robust standard errors was
used. When possible, adjustment for region, baseline
haemoglobin, and planned surgery—like the adjusted
analysis for the primary outcome—were carried out
in all the models to be consistent with the primary
outcome analysis.

Because iron studies are not routine before
cardiac surgery internationally, we prespecified iron
deficiency in a subgroup analysis. Planned subgroup
analyses assessed the effect of intravenous iron
by patient age group, sex, surgery type, time from
randomisation to operation (<4 weeks or >4 weeks),
iron deficiency (ferritin <30 mg/dL or <100 mg/dL
and C reactive protein >5 mg/L and/or transferrin
saturation <20%),'' haemoglobin strata (<100, 101-
120, 2120 g/L), and study drug formulation. These
analyses were conducted on the primary outcome
using an interaction test in the corresponding quantile
regression models. In post hoc analyses requested
during the review process, variation in the treatment
effect across the range of the continuous scaled
subgroup variables (age, baseline haemoglobin, and
time from iron infusion to surgery) was estimated
from quantile regression models. These models are
the main subgroup analyses of these variables and
included interactions of treatment with the linear
and quadratic terms of the subgroup variables,
together with pointwise 95% Cls, and a Wald test
for any treatment effect variation over the range of
the subgroup variable obtained from bootstrapped
standard errors (4000 bootstrap samples). Specific
treatment effects are presented for the 10th, 25th,
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50th, 75th, and 90th centiles of each subgroup
variable, together with 95% Cls.

The full analysis code can be viewed at https://doi.
0rg/10.26180/c.8534361. Analyses were conducted
using Stata version 19.0.

Assessed for eligibility

[§ 2038
Excluded
Did not want to participate in research
Did not understand trial
Did not speak or understand language
Consented to another trial
Patient too anxious
Family decision
Anaesthetist refusal
Surgeon refusal
Missed or not seen by research staff
Vitamin B12 deficiency
Preoperative intravenous iron planned
Unable to wait for infusion
No time (<1 week) for intravenous iron
Neurodiverse
No preoperative hospital visit
Medically unstable
Unable to contact
1 <18years
No preoperative blood test
6 Did not want placebo
No consent for surgery
Trial on hold (covid)
Allergy to iron
No information

Randomly assigned

A

¢

N

Assigned to intravenous iron Assigned to placebo
® i7
Exclusions Exclusions
M 1 Ineligible > 2 Withdrew at baseline

3 Withdrew at baseline
S Intravenous iron not

5 Placebo not given

given
v v
(§ 466
Modified intention-to-treat Modified intention-to-treat
population population
(i 8] an

Missing primary outcome

2 Withdrawn

3 Lost to follow-up

Missing primary outcome
4 |ost to follow-up
6 Data not collected

3 Data not collected

Complete outcome data

Complete outcome data

Fig 1 | CONSORT (Consolidated Standards of Reporting Trials) flowchart of ITACS
(intravenous iron to treat anaemia before cardiac surgery) trial participants
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Quality control and compliance checks

A steering committee provided oversight of the trial,
a data quality committee monitored compliance
and completeness of the data, and a data and safety
monitoring committee advised on whether the trial
should be stopped because of clear evidence of
benefit or harm.® Interim analyses were planned
after enrolment of 350 and 700 patients, adjusted
according to an O’Brien and Fleming type I error
spending function. The roles and responsibilities
of each committee were defined by charters. Sites
recruiting 35 or more participants were independently
audited to review a random sample to verify eligibility
criteria, patient consent, and outcomes using source
documents. No discrepancies were identified during
the audits.

Patient and public involvement

Patients or the public were not involved in the design,
or conduct, or reporting, or dissemination plans of our
research because this was not a requirement for ethics
approval or funding at the initiation of the trial.

Results

The 33 participating centres from 10 countries in the
ITACS trial enrolled patients between 15 July 2016
and 15 December 2023. Of 2993 screened patients,
955 were enrolled and randomly assigned: 475 to
the intravenous iron group and 480 to the placebo
group; 939 patients were included in the intention-
to-treat population at baseline and 921 patients were
assessed for the primary endpoint (fig 1). Patient
masking to treatment group assignment was achieved
(supplementary file S5).

The mean age of patients was 66 years, 60% were
male, the median EuroSCORE was 1.7, and 472
(58.7%) of 804 trial participants tested had evidence of
iron deficiency. The mean haemoglobin concentration
was 119 g/L (standard deviation 12), the median
ferritin concentration was 111 pg/L (interquartile
range 48-243), and transferrin saturation was 18%
(interquartile range 13-25%). Demographic, medical,
and perioperative characteristics at baseline were
similar between groups (table 1 and supplementary
file S6). The median time from intravenous study drug
administration to the day of surgery was 29.9 days
(interquartile range 14.1-63.1 days) in the intravenous
iron group and 27.9 days (12.9-58.1 days) in the
placebo group. The median duration of surgery was 3.7
hours and the median postoperative mediastinal drain
blood loss 450 mL in both groups (table 2). Fifteen
patients (five in the iron group, 10 in the placebo
group) received open label intravenous iron before
surgery and 24 patients (seven in the iron group, 17
in the placebo group) in the 90 days after surgery
(supplementary file S7).

Outcomes

The median number of days alive and at home up to
90 days after surgery was 81.1 (interquartile range
74.8-83.7) in patients assigned to intravenous iron
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and 80.0 (69.5-83.6) in those receiving placebo
(adjusted median difference 1.0 day, 95.4% CI 0.0
to 2.1, P=0.041; table 3). Supplementary file S8
gives details of each component of the outcome.
Sixteen deaths (3.5%) occurred in the intravenous
iron group and 22 (4.8%) in the placebo group up to
90 days after surgery. The increase in time at home
was cumulative after discharge up to 90 days after
surgery (supplementary files S9 and S10). The effect
of intravenous iron was consistent before, during,
and after the covid pandemic (supplementary file
S11). On post hoc testing, the benefit of intravenous
iron was most noticeable among patients with poorer
recovery—one quarter of patients receiving placebo

Table 1 | Characteristics of patients at study entry

Intravenous iron Placebo
Characteristics (n=466) (n=473)
Personal characteristics
Age (years), mean (SD) 65.9 (11.1) 66.0 (11.2)
Male sex 280 (60.1) 280 (59.2)
Race
White 295 (63.3) 298 (63.0)
Asian 111 (23.8) 112 (23.7)
Indian or Pakistani 26 (5.6) 31 (6.6)
Black 7 (1.5) 5(1.1)
Other 27 (5.8) 27 (5.7)
Risk and health status scores
ASA physical status
2 19 (4.1) 23 (4.9)

3 306 (65.8) 313 (66.2)
4 140 (30.1) 137 (29.0)
EuroSCORE II, median (IQR) 1.6 (1.0-3.0) 1.8(1.1-3.1)

WHODAS score, median (IQR) 20 (15-27) 20 (15-26)
MacNew score, median (IQR) 139 (114-159) 138 (114-159)
EQ-5D-5L VAS, median (IQR) 70.0 (55-80) 70.0 (50-80)
Pre-existing medical conditions

Heart failure 116 (25.1) 127 (27.3)
Previous myocardial infarction 136 (29.4) 104 (22.3)
Smoking history 183 (39.7) 202 (43.3)
Chronic lung disease 70(15.2) 81 (17.4)
Diabetes 183 (39.6) 206 (44.2)
Preoperative drugs

Oral iron treatment 41 (8.9) 48 (10.3)
Statin 334 (72.3) 339 (72.7)
ARB or ACE inhibitor 232 (50.2) 244 (52.4)
Beta blocker 275 (59.5) 271 (58.2)
Calcium channel blocker 132 (28.6) 115 (24.7)
Preoperative laboratory test

Haemoglobin (g/L), mean (SD) 119.5(11.5) 118.7 (11.9)
Ferritin (ug/L), median (IQR) 114 (47-242) 109 (50-245)
Transferrin (g/L), median (IQR) 2.6 (2.3-3.1) 2.6 (2.3-3.1)

Transferrin saturation (%), median

(IQR) 19.0 (13.0-25.0) 18.0 (12.0-24.5)

Type of surgery

Coronary artery bypass graft 171 (36.9) 181 (38.8)
Valve 159 (34.3) 174 (37.3)
Combined 66 (14.3) 64 (13.7)
Other* 33(7.1) 24 (5.2)
No surgery 34 (7.3) 23 (4.9)

Creatinine baseline (umol/L), median (IQR)

90.0 (72.0-110.0) 89.0 (72.0-112.0)

Data are numbers (%) unless stated otherwise. Denominators may vary because some patients did not undergo

surgery.

ACE=angiotensin converting enzyme; ARB=angiotensin receptor blocker; ASA=American Society of
Anaesthesiologists; EQ-5D-5L=European Quality of Life: 5 dimensions 5 levels; IQR=interquartile range;
MacNew=MacNew heart disease health-related quality of life; SD=standard deviation; WHODAS=12-Item World
Health Organization Disability Assessment Schedule, which estimates amount of disability; scores of 24 or more

indicate at least moderate disability.

*Other surgery includes septal defect repair, pulmonary thromboendarterectomy, and so forth.
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had DAH,, <70 whereas this figure was higher in the
intravenous iron group (DAH,, <75; adjusted difference
6.1 days, 95% CI 1.9 to 8.9, P=0.005; table 4). When
estimating DAH,, at the 10th, 25th, 50th, 75th, and
90th centiles simultaneously, marked variation was
found in iron infusion versus placebo difference across
the five quantiles (P=0.014), including comparing the
intergroup difference at the 25th versus 50th centile
(P=0.006). These exploratory results indicate that the
beneficial effects of intravenous iron are greatest in
those with poorer recovery (likely higher preoperative
risk) profiles.

Figure 2 presents the subgroup analyses and
supplementary files S12-S13 give the original
prespecified and additional subgroup analyses. For
the primary outcome, we found little evidence that
the effect of intravenous iron varied across subgroups:
patient age group (P=0.34), sex (P=0.47), surgery type
(P=0.36), iron deficiency (P=0.88), haemoglobin strata
(P=0.76), study drug formulation (P=0.32), and time
from infusion to surgery (P=0.20). These results for
age, haemoglobin, and time from infusion to surgery
differed little from those when categorised according
to the original statistical analysis plan (supplementary
file S13).

On the day of surgery, a median 28.7 days
after receiving the study drug, the haemoglobin
concentration in patients in the iron group was
significantly higher than in the placebo group (median
difference 3.8 g/L, interquartile range 2.3-5.3), as was
the ferritin concentration and transferrin saturation
(all P<0.001). On post hoc testing, patients in the iron
group were more likely to have their anaemia corrected
by the day of surgery: 123 (27.0%) versus 76 (16.5%),
risk difference 11.0% (95% CI 5.7 to 16.3), P<0.001.
Red cell transfusions were given to 143 patients
(33.3%) in the iron group and 189 patients (42.7%)
in the placebo group intraoperatively (relative risk
0.79, 95% CI 0.67 to 0.92, P=0.003; table 2). The total
number of red cell units transfused intraoperatively
was 320 in the iron group and 470 in the placebo
group.

The median QoR-15 (15 item quality of recovery
score) score at three days after surgery was 101
(interquartile range 81-114) in the iron group and
97 (76-112) in the placebo group (P=0.062; table
3). Red cell transfusions were given to 262 patients
(61.1%) in the iron group and 302 patients (68.2%) in
the placebo group during their hospital stay (relative
risk 0.90, 95% CI 0.82 to 0.99, P=0.027; table 3)
with a number needed to treat of 14.6 (95% CI 7.7
to 125). The total number of red cell units transfused
during hospital stays was 972 in the iron group and
1202 in the placebo group. Therefore, intravenous
iron supplementation saved approximately 44 units
of blood products for every 100 patients treated. For
risk of red cell transfusion during the hospital stay,
the effect of intravenous iron was consistent across
subgroups (supplementary file S14). No significant
difference was found in intensive care unit or hospital
stay.
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Table 2 | Perioperative characteristics

Intravenous iron Placebo Difference
Characteristics (n=466) (n=473) (95% CI) P value*
Day of surgery (preoperative)
Haemoglobin (g/L), mean (SD) 120.7 (13.5) 116.3 (14.1) 3.8(2.3t05.3) <0.001
Ferritin (ug/L), median (IQR) 517 (267-816) 112 (56-232) 415 (37110 478) <0.001
Transferrin saturation (%), median (IQR) 28.0 (22.0-39.0) 19.0 (14.0-28.0) 7.4 (5.2109.70) <0.001
WHODAS score, median (IQR) 20.0 (15.0-28.0) 20.0 (15.0-27.0) -0.4 (-1.1t0 0.4) 0.37
MacNew score, median (IQR) 141 (117-160) 138 (112-160) — —
EQ-5D-5L VAS, median (IQR) 70 (60-80) 70 (50-80) -0.4 (-2.4t01.7) 0.71
Day of surgery (intraoperative)
Total bypass time (min), median (IQR) 98 (74-135) 98 (75-135) — —
Lowest haemoglobin concentration during bypass, mean (SD) 82.0(12.7) 79.5(12.9) — —
Red cell transfusion 143 (33.3) 189 (42.7) 0.79 (0.67 t0 0.92) 0.003
Red cell units, median (IQR) 0.0 (0.0-1.0) 0.0 (0.0-2.0) 0.0 (-5.1t05.1) 1.0
Platelets 107 (24.9) 101 (22.8) — —
Fresh frozen plasma 72 (16.8) 73 (16.5) = =

Total mediastinal drainage (mL), median (IQR)

450 (300-690)

450 (290-765) - —

Surgical time (min), median (IQR)

220 (177-273)

224 (180-273) — _

Data are numbers (%) unless stated otherwise. Denominators may vary because some patients did not undergo surgery.
Cl=confidence interval; EQ-5D-5L=European Quality of Life: 5 dimensions 5 levels; IQR=interquartile range; MacNew=MacNew heart disease health-related quality of life; SD=standard deviation;
WHODAS 12-Item World Health Organization Disability Assessment Schedule, which estimates amount of disability; scores of 24 or more indicate at least moderate disability; VAS=visual
analogue scale; number of red cell units (bags) reported are only for those who received a transfusion intraoperatively.
*P values are calculated by ? test or Wilcoxon rank sum test.

The rates of death, myocardial infarction, stroke,
other cardiovascular events, and infections were
comparable between groups at 30 days after surgery
(table 3), but some evidence was observed of a
reduced risk of respiratory infections in the iron group
(supplementary file S15). Fewer patients in the iron
group than in the placebo group received a red cell
transfusion up to three months after surgery (59.1%
and 67.1%, respectively; relative risk 0.88, 95% CI 0.80
to 0.97; P=0.011). Disability-free survival was 46.2%
in the iron group and 40.2% in the placebo group at six
months after surgery (relative risk 1.14, 95% CI 0.99
to 1.32, P=0.064; table 3). The WHODAS (disability)
score was lower for patients in the iron group than for
those in the placebo group at 30 days (P=0.015), but
not at three months (P=0.15) or six months (P=0.69)
after surgery (supplementary file S16). We observed no
significant between group differences in quality of life
assessed by the EQ-5D-5L (European Quality of Life: 5
dimensions 5 levels) questionnaire at 30 days, three
months, and six months after surgery (supplementary
file S16).

Adverse events

Except for hypophosphataemia, which occurred in
approximately 20% of those tested on the day of
admission for surgery (relative risk 16.3, 95% CI 5.1
to 51.5), the numbers of patients experiencing adverse
events were similar between groups (supplementary
file S15). We had no reports of anaphylaxis or
transfusion reactions.

Sensitivity and per protocol analyses

The above results were not meaningfully affected after
excluding 53 patients who were enrolled and received
the intravenous study drug but did not undergo surgery
(supplementary files S17-S21), or in a per protocol
analysis (supplementary files S22-S25).

Discussion

Principal findings

In this international randomised controlled trial, we
found that intravenous iron administered to patients
with anaemia in the weeks before elective cardiac
surgery increased the preoperative haemoglobin
concentration and partly corrected anaemia, reduced
red cell transfusions, and resulted in an extra day at
home in the first 90 days after surgery. The increase
in home days was larger in those with poor recovery
profiles. Intravenous iron supplementation saved
approximately 44 units of blood products for every 100
patients treated. These benefits were similar in patients
with or without demonstrable iron deficiency and with
both iron preparations. We did not find evidence of
an increased risk of infection with intravenous iron.
Intravenous iron was associated with an increased
risk of hypophosphataemia but no other adverse
effects. The effectiveness of perioperative phosphate
supplementation in patients receiving intravenous
iron has not yet been shown.

Even though more time at home after surgery is
highly valued by patients,?®*? we could question
whether a one day difference is of clinical
importance. However, we did observe a larger
effect size (difference 9.0 days and 6.1 days) for the
10th and 25th centiles of home days, respectively,
indicating that intravenous iron has a stronger effect
in those with a poor recovery profile—that is, the 10-
25% of patients likely to have multimorbidity and
at greatest risk of postoperative complications.? 2*
DAH,, reflects patients’ (and clinicians’) primary aim
of a healthy recovery free of serious complications
and hospital readmissions, has been validated as a
patient centred outcome in Australia,’® Sweden,®
Canada,?® and the UK,?® and is associated with
reduced hospital costs.!® 2’ The increase in time
at home did not occur because of earlier hospital
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Table 3 | Primary and secondary outcomes in ITACS trial

Intravenous iron Placebo Estimate Effect
Outcome (n=466) (n=473) (95% CI*) measure P value
Primary outcome
Days at home at 90 days
Median (IQR) 81.1(74.8-83.7) 80.0 (69.5-83.6) 1.0(0.0t0 2.1) DMedian 0.04
Mean (SD) 73.7 (20.7) 70.1(23.5) = = =
Secondary outcomes
In hospitalt
QoR-15 score day 3, median (IQR) 101.0 (81.0-114.0) 97.0(76.0-112.0) 3.3 (-0.2t06.7) Dmedian 0.06
Red cell transfusion 262 (61.1) 302 (68.2) 0.90 (0.821t0 0.99) RR 0.027
Red cell transfusion (units), median (IQR) 1.0 (0.0-3.0) 2.0 (0.0-4.0) -1.0 (-1.4 t0-0.7) Dmedian <0.001
Intensive care unit readmission 21 (4.9) 32(7.2) 0.68 (0.401t0 1.16) RR 0.15
Hospital stay (days), median (IQR) 8.1(6.2-11.0) 8.1(6.2-11.3) 0.0 (-0.5 t0 0.6) Dmedian 0.95
30 days after surgeryt
Days at home, median (IQR) 21.7 (16.0-23.8) 20.9 (12.8-23.7) 0.1 (-0.3t01.3) Dmedian 0.28
Myocardial infarction 13(2.8) 13 (2.8) 1.02 (0.4810 2.16) RR 0.97
Stroke 9 (1.9) 16 (3.4) 0.57 (0.25 to0 1.27) RR 0.17
Other cardiovascular eventt 87 (18.8) 96 (20.6) 0.89 (0.691t0 1.15) RR 0.39
Infection 105 (22.7) 124 (26.7) 0.84 (0.67 to 1.05) RR 0.13
Thromboembolism 6 (1.3) 5(1.1) 1.23(0.38t0 3.97) RR 0.73
Total ICU stay (hours), median (IQR) 42.0(22.0-73.0) 45.5 (24.0-93.0) -6.0 (-14.0 t0 2.0) Dmedian 0.20
30 day readmission 70 (15.2) 63 (13.6) 1.12 (0.82t0 1.53) RR 0.49
Mortality 13 (2.8) 14 (3.0) 0.95 (0.45 to 1.99) RR 0.88
Three months after surgery§
Haemoglobin (g/L), median (IQR) 114.0 (106.0-124.0) 110.0 (102.0-119.0) 1.1(-1.2t03.3) Dmean 0.35
Red cell transfusion 267 (59.1) 308 (67.1) 0.88 (0.80 t0 0.97) IRR 0.01
90 day readmission§ 118 (26.5) 114 (25.6) 1.04 (0.83 to 1.30) RR 0.73
Mortality 16 (3.5) 22 (4.8) 0.74 (0.40 to 1.39) RR 0.35
Six months after surgery§
Mortality 20 (4.4) 31 (6.8) 0.66 (0.38t0 1.13) RR 0.13
Disability-free survival] 210 (46.2) 183 (40.2) 1.14 (0.99t0 1.32) RR 0.06

Data are numbers (%) unless stated otherwise. Denominators may vary because some patients did not undergo surgery.
All analyses adjusted for randomisation stratification variables of baseline haemoglobin, surgery type, and sites grouped into three regions (1=Australia, New Zealand; 2=Malaysia, Hong

Kong, Singapore; 3=Great Britain, Germany, Canada, South Africa, United Arab Emirates). Haemoglobin at three months was also adjusted for baseline value. The QoR-15 score (day 3) and
haemoglobin at three months after surgery estimate were calculated using linear regression, with robust standard errors, giving a difference between treatment groups. Binary outcomes analysed
using binary regression giving risk ratio estimate, except for red cell binary outcomes (in hospital and up to day 90), both of which failed to converge, therefore Poisson regression was used
resulting in incidence rate ratio estimate. Quantile regression was used for primary and secondary skewed outcomes. Cls for iron effect on the median obtained by bootstrapping with 4000
replicates. For analysis of DAHs0, 95.4% Cls were used to account for two interim analyses. Statistical analysis plan required both Wilcoxon rank sum test and quantile regression for primary
outcome, with quantile regression considered as the decisive analysis in case of discrepancy (Wilcoxon rank sum test result=0.007, no adjustment available). The skewed outcome red cell
amount (units given) in hospital could not be analysed using bootstrapping for the Cl so quantile regression was undertaken without bootstrapping but using robust standard errors to estimate

the Cl.

Cl=confidence interval; Dmedian=difference in medians; Dmean=difference in means; IQR=interquartile range; IRR=incidence rate ratio; ITACS=intravenous iron to treat anaemia before cardiac

surgery; QoR-15=15 item quality of recovery score; RR=risk ratio; SD=standard deviation.
*Except for primary outcome where Cls are 95.4%.

tExcludes those who did not undergo surgery (n=53), for which time of measurement was date of change or cancellation of original planned surgery.

$Includes atrial fibrillation and heart block.
§Includes 30 day readmissions.

9IDisability defined by World Health Organization Disability Assessment Schedule score of 24 or more (ie, at least moderate disability).

discharge but was cumulative after discharge up to or months of fatigue, sleep disturbance, and impaired
90 days after surgery and included reduced time in physical and mental wellbeing, especially older
hospital after any readmissions (supplementary file patients (“post-hospitalisation syndrome”).”® Some
S8). A reduction in anaemia (higher haemoglobin) of these effects are secondary to reduced iron stores
is likely to provide better overall health status. Most and anaemia from perioperative blood loss (>1 L in
patients undergoing major surgery have many weeks cardiac surgery).

Table 4 | Distribution of adjusted median difference (95% Cl) at selected quantiles in days alive and at home up to 90
days after surgery (DAH,)

DAH 10th centile 25th centile 50th centile 75th centile 90th centile
DAHg, iron* 50.0 74.8 81.1 83.7 85.0

DAH,, placebo* 34.0 69.5 80.0 83.6 84.8

DAH,, difference (95% Cl)* 9.0 (-5.21t021.8) 6.1(1.9t08.9) 1.0 (0.0 to 2.0)t 0.2 (-0.1t0 1.0) 0.4 (-0.0to 1.0)
P valuet 0.26 0.005 0.041 0.20 0.08

Comparison of difference between 25th and 10th centile was -2.9 (95% Cl -9.3 to 15.2), P=0.001. Comparison of difference between 25th and 50th
centile was 5.1 (1.3 to 7.5), P=0.006. Comparison of difference between 25th and 75th centile was 5.9 (1.6 to 8.4), P=0.006. Comparison of difference
between 25th and 90th centile was 5.7 (1.5 to 8.4), P=0.006.

*Unadjusted quantile values.

195.4% Cl to account for interim analyses.

$Adjusted for stratification variables, with Cls and P value from 4000 bootstrap replications of simultaneous quantile regression across all listed
quantiles. Wald test (4 degrees of freedom) for variation in iron infusion versus placebo difference across DAHs, quantiles yielded P=0.014.
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Level

Age, years*
10th centile
25th centile
50th centile
75th centile
90th centile

Sex
Male
Female

Surgery
CABG
Valve
CABG and valve
Other
No surgery

Iron deficiency
Yes
No

Haemoglobin, g/L*
10th centile
25th centile
50th centile
75th centile
90th centile

Study drug
Carboxymaltose
Isomaltoside

Iron

82.37(79.40 to 84.34)
82.77 (78.25 to 83.90)
81.91(77.90 to 83.81)
81.79 (76.87 to 83.80)
81.74 (76.00 to 83.75)

81.80 (75.00 to 83.9)
80.90 (74.80 to 82.9)

81.80 (75.20 to 83.70)
80.90 (75.00 to 83.00)
79.80 (71.90 to 82.80)
80.70 (76.20 to 83.10)
90.00 (88.80 to 90.00)

80.70 (71.00 to 83.00)
81.80 (76.70 to 83.70)

76.87 (62.00 to 80.98)
78.79 (61.93 to 82.87)
80.65 (71.93 to 82.89)
80.90 (74.54 to 83.66)
80.98 (74.76 to 83.70)

81.20 (75.00 to 83.70)
81.00 (74.70 to 83.80)

Time from infusion to surgery, weeks*

10th centile
25th centile
50th centile
75th centile
90th centile

Country
Australia
Malaysia
Great Britain
Hong Kong
New Zealand
South Africa
Germany
Singapore
United Arab Emirates
Canada

80.82 (68.64 to 83.55)
81.80 (70.69 to 83.87)
80.89 (73.15 to 83.05)
80.91(74.71 to 83.37)
80.99 (74.76 to 83.53)

81.00 (73.00 to 83.10)
81.80 (78.60 to 84.70)
81.80 (76.90 to 83.80)
80.60 (70.40 to 82.20)
81.90 (76.20 to 83.90)
81.90 (74.80 to 90.00)
65.00(31.90t0 82.10)
83.70(82.80 to 85.70)
84.70 (80.90 to 84.90)
80.90 (80.90 to 80.90)

Placebo

81.70 (75.76 to 83.88)
81.74 (75.76 to 83.83)
81.75(76.71t0 83.83)
80.87 (72.86 to 83.75)
80.65(71.69 to 83.73)

80.70 (70.00 to 83.60)
79.70 (68.00 to 83.10)

81.80(74.30 to 83.80)
78.90 (66.90 to 82.70)
78.20 (56.90 to 81.90)
78.00 (65.50 to 82.40)
90.00 (90.00 to 90.00)

79.50 (68.00 to 83.2)
80.80 (71.70 to 83.6)

76.74 (57.00 to 81.94)
78.74 (59.50 to 82.98)
78.86 (66.78 t0 83.11)
79.33(68.88 t0 83.18)
79.77 (68.88 to 83.60)

79.00 (66.00 to 83.10)
80.80(72.70 to 83.70)

74.00 (56.00 to 81.84)
79.70 (70.00 to 83.02)
79.79 (69.26 to 83.09)
79.33(69.53 to 82.98)
79.70 (69.53 to 82.98)

78.90 (62.50 to 83.10)
81.70(71.90 to 83.80)
80.80 (75.80 to 83.60)
78.80 (75.10 to 81.90)
81.10 (76.90 to 83.80)
72.80(59.90 to 80.70)
79.30 (57.00 to 83.00)
82.80 (76.00 to 84.30)
83.90 (79.10 to 84.80)
79.80 (75.80 to 83.80)

-6

Difference Interaction
(95%ClI) P value
0.34
_’_
_._
_’_
_’_
—>
0.47
_._
_’_
0.36
——
—‘_
0.88
’_
_‘_
0.76
\
_._
——
——
_’_
0.32
_’_
——
0.20
_’_
—_—
_’_
_’_
_’_
0.65
_’_
—
—_—
B —
1 1 1 1
4 -2 0 2 4 6

Favours placebo

Favours iron infusion

Difference
(95% CI)

0.65(-0.50to0 2.38)
0.46 (-0.66 to 1.49)
0.97(-0.49 to 2.31)
2.10(-0.20 t0 4.33)
3.30(-0.53t0 6.85)

1.07(0.03t0 2.61)
0.26 (-0.84 to0 2.69)

-0.01(-1.02t0 1.29)
1.94 (-0.01 to 4.68)
2.04(-1.95 to 8.89)
2.82(-1.44t012.75)

1.21 (-1.55 t0 2.90)
0.98(-0.29 to 3.09)

0.22(-3.06 to 3.26)
1.00(-0.43 t0 2.72)
1.26(0.10t0 2.61)
1.29(0.12 to 2.44)
1.16 (-0.17 to 2.36)

1.80(0.05to 3.39)
0.69 (-0.85t0 1.71)

1.79(-0.32t0 3.21)
1.69 (-0.19 to 3.01)
1.43(0.02 to 2.59)

0.85(-0.15t0 2.25)
-0.09 (-1.15t0 2.03)

1.98(-0.18 to 3.64)
0.31(-1.81t0 3.93)
0.67(-1.48t0 1.95)
1.87 (-:3.70 to 4.45)
1.00 (-4.74 to 4.26)
7.70(-0.93t0 18.31)
-12.44 (-41.83t0 18.12)
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Fig 2 | Difference in number of days alive and at home up to 90 days after surgery associated with use of intravenous iron in selected subgroups.
*Interaction P value for continuous subgroups is from a Wald test (2 degrees of freedom) for any linear or quadratic variation in treatment effect
across full range of subgroup variables. CABG=coronary artery bypass graft; Cl=confidence interval

The incidence of red cell transfusion in our study
(60-70%) is consistent with previous studies showing
a twofold or greater increase in patients with anaemia
undergoing cardiac surgery.* ?° Red cell transfusion
is associated with worse outcomes after cardiac
surgery.’ * The benefits of intravenous iron observed
in our study are likely to be mediated by the reduction
in red cell transfusion. A study of 847 442 patients
undergoing cardiac surgery in the United States found
that more than half of the 39% of patients receiving
any red cell transfusion received only 1 unit. This
single unit transfusion was associated with higher
risk of stroke, renal failure, prolonged ventilation, and
mortality compared with patients who did not receive
a transfusion (risk adjusted, all P<0.001).}

International guidelines® > 7 3° recommend oral
iron supplementation for patients with, or at risk of,
anaemia before elective surgery, but include the option
of intravenous iron treatment if surgery is expected
within weeks (all conditional recommendations with
limited certainty evidence). Given current intravenous
iron formulations can provide a large (and safe)
treatment dose in only 15 minutes,’ and the positive
findings observed in our trial, current guidelines
should consider intravenous iron supplementation for
patients with anaemia awaiting cardiac surgery.

Approximately 20-40% of patients undergoing
cardiac surgery have anaemia, most of whom have
an absolute or functional iron deficiency.” ** Iron
depletion is common in patients with coronary artery
disease®' and heart failure,'® 3* and a high proportion
of patients with anaemia undergoing cardiac surgery
have iron deficiency.>> A total of 70.5% (558/792) of
our patients had a serum ferritin level less than 100
ng/mL or a transferrin saturation less than 20%, and
very few had evidence of high iron stores. Intravenous
iron effectively treats an absolute iron deficiency but
can also overcome the functional deficiency seen
in anaemia of chronic disease.’* We undertook a
prespecified subgroup analysis and could not find any
evidence of a differential effect of intravenous iron in
those with or without demonstrable iron deficiency.
An individual patient data meta-analysis of four
randomised trials comparing intravenous iron with
placebo in patients with heart failure suggested that
the benefits might be limited to those with a transferrin
saturation less than 20%, regardless of their ferritin
concentration.>? Others have found that intravenous
iron can reduce red cell transfusion in patients who
are non-anaemic (mean preoperative haemoglobin
145 g/L, standard deviation 12) and having cardiac
surgery.” Iron supplementation is likely to have other
beneficial effects in addition to haematopoiesis,
including mitochondrial function, muscle function,
and mass.

thebmyj | BMJ 2026;394:e100407 | doi: 10.1136/bmj-2026-100407

Spahn and colleagues® conducted a single centre,
randomised trial evaluating a preoperative treatment
bundle that included subcutaneous erythropoietin
alpha, intravenous iron (20 mg/kg), vitamin B,,, and
folate administered the day before elective cardiac
surgery in 505 patients with anaemia or isolated
iron deficiency. These authors found the treatment
bundle led to a 1 unit reduction in red cell transfusion
in the treatment group (P=0.036). The study had
limited follow-up and did not show any reduction in
postoperative complications or other patient centred
outcomes. The most recent systematic review of 14
clinical trials found that preoperative intravenous iron
reduced the need for red cell transfusion by 23% (95%
CI 8.0 to 35), irrespective of the presence of anaemia
or iron deficiency. However, no beneficial effect on
postoperative complications or any other patient
centred outcomes was shown.?

Strengths and limitations

Key strengths of the ITACS trial include a low dropout
rate and measurement of patient centred outcomes
such as quality of recovery, days at home, and quality
of life.? ® We used a pragmatic design that did not
control other aspects of patient blood management,
although we did require all sites to follow their local
red cell transfusion guidelines. A one day difference
in a 90 day recovery period was in itself a very small
treatment effect. Some patients received open label
intravenous iron before or after surgery. We enrolled
patients with anaemia but did not require confirmation
of absolute iron deficiency, accepting that some would
have anaemia of chronic disease or a combination of
both. The comparisons of our secondary and safety
outcomes were not adjusted for multiplicity and so are
prone to type I error. Finally, for some patients surgery
was delayed or cancelled but the findings were robust
in the sensitivity analyses.

Conclusion

We found that preoperative intravenous iron increased
the number of days alive and at home in the first 90
days after surgery and was associated with a reduction
in red cell transfusion in patients with anaemia
undergoing elective cardiac surgery.
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