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Clinical Research Article

Background: Non-anemic iron deficiency (ID) may be harmful during cardiac surgery 
with cardiopulmonary bypass. However, its impact on off-pump coronary artery bypass 
(OPCAB) remains unclear. This study examined the association between non-anemic ID 
and outcomes following OPCAB.
Methods: This single-center retrospective study included non-anemic patients who un-
derwent OPCAB between November 2016 and May 2023. Patients were classified by pre-
operative ID status, defined as serum ferritin < 100 μg/L or 100–300 μg/L with C-reactive 
protein > 5 mg/L or transferrin saturation < 20%. The risk of primary outcome, defined as 
the composite of acute kidney injury, permanent stroke, deep sternal wound infection, he-
mostatic reoperation, prolonged mechanical ventilation, delirium, myocardial infarction, 
and 30-day mortality, was compared using multivariable logistic regression. Mediation 
analysis was performed to determine the indirect effects of non-anemic ID via periopera-
tive red blood cell (RBC) transfusion.
Results: Of the 433 non-anemic patients, 229 (52.9%) had ID. The incidence of composite 
outcome was similar between patients with and without ID (30.1% vs. 22.5%, P = 0.075). 
ID was not significantly associated with the composite outcome, whereas perioperative 
transfusion (odds ratio: 2.10, 95% CI [1.17–3.78], P = 0.013) showed significant associa-
tions. Perioperative RBC transfusion was more common in patients with ID (25.8% vs. 
10.8%, P < 0.001). Mediation analysis suggested that RBC transfusion partially mediated 
the effect of ID on the composite outcome.
Conclusions: Preoperative ID was not associated with adverse outcomes in non-anemic 
patients who had undergone OPCAB. However, its indirect impact via RBC transfusion 
warrants further investigation.

Keywords: Anemia; Blood transfusion; Coronary artery bypass, off-pump; Iron deficien-
cy; Morbidity; Mortality; Treatment outcome.

Introduction

Iron is a fundamental component of erythropoiesis and numerous cellular processes 
involving oxygen transport and mitochondrial energy production [1,2]. Iron deficiency 
(ID), independent of anemia, is associated with poor outcomes such as reduced exercise 
capacity and increased risk of mortality in patients with heart failure (HF), which could 
be treated with intravenous iron [3,4]. Non-anemic ID can be particularly harmful in 
cardiac surgery, as evidenced by a prospective secondary study demonstrating that ID, 
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independent of anemia, was associated with increased 90-day 
mortality [5]. Preoperative iron supplementation is recommended 
for surgical patients with ID, even in the absence of anemia, when 
substantial perioperative blood loss is anticipated [6,7]. However, 
iron therapy has inherent limitations, as oral formulations com-
monly cause side effects such as constipation and nausea, whereas 
intravenous therapy requires additional hospital visits [8]. Addi-
tionally, conflicting results have been reported regarding the im-
pact of non-anemic ID on postoperative outcomes in cardiac sur-
gery patients [5,9–11]. Of note, existing studies predominantly in-
cluded on-pump procedures, which expose patients to inevitable 
blood loss, hemodilution, and inflammation. Therefore, further 
studies are required on the impact of non-anemic ID on postop-
erative outcomes in various cardiac surgery settings.

To date, no study has evaluated the association between 
non-anemic ID and off-pump coronary artery bypass grafting 
(OPCAB). OPCAB is recommended in  patient blood manage-
ment guidelines for surgical coronary revascularization as an al-
ternative to its on-pump counterpart, as it avoids cardiopulmo-
nary bypass-induced hemodilution and coagulopathy [12]. Ac-
cordingly, non-anemic ID may show a more distinct association 
with outcomes in OPCAB.

In this retrospective observational study, we aimed to investi-
gate the association between non-anemic ID and major morbidity 
and mortality following OPCAB.  

Materials and Methods

Study population

The Institutional Review Board of Severance Hospital approved 
this retrospective observational study (No. 4-2022-1112, approval 
date October 25, 2022) and waived the requirement for informed 
consent. The protocol of this study was also registered at Clinical-
Trials.gov (NCT06399627). The study was conducted in accor-
dance with the principles of the Helsinki Declaration-2013.

Patients who underwent OPCAB between November 2016 and 
May 2023 at the Severance Cardiovascular Hospital in Seoul, 
South Korea, were included in our study without an a priori sam-
ple size calculation. The study period was selected because the 
preoperative iron profile has been routinely assessed at our insti-
tution since 2016.

The exclusion criteria were as follows: age <  19 years, emergen-
cy surgery, redo-OPCAB, minimally invasive surgery, enrolment 
in other clinical studies that could affect outcomes, insufficient 
preoperative laboratory data to determine iron status, intraopera-
tive on-pump conversion and use of intravenous iron within 4 

weeks or oral iron more than 2 weeks within 6 months preopera-
tively. Patients meeting the World Health Organization criteria for 
anemia (hemoglobin [Hb] concentration <  13 g/dl and 12 g/dl 
for males and females, respectively) were also excluded. ID was 
defined as serum ferritin <  100 μg/L or serum ferritin between 
100 and 300 μg/L when either C-reactive protein >  5 mg/L or 
transferrin saturation <  20% [10].

Data acquisition

Data for each eligible patient were collected from the electronic 
medical records. Preoperative data included baseline demograph-
ics, comorbidities, preoperative medication, New York Heart As-
sociation (NYHA) class, Canadian Cardiovascular Society grad-
ing of angina pectoris, European System for Cardiac Operative 
Risk Evaluation (EuroSCORE)-II, left ventricular ejection fraction 
(LVEF), the ratio of early transmitral flow velocity to early mitral 
annular velocity, and blood laboratory results. Intraoperative data 
included duration of operation, number of grafts, total graft re-
construction time, the volume of crystalloids and colloids infused, 
urine output, the volume of reinfused blood from a cell salvage 
device, and the number of units of red blood cells (RBC) trans-
fused. Postoperative data included nadir Hb on postoperative 
days (POD) 0, 1, 3, and 7, nadir Hb from the immediate postop-
erative period until hospital discharge, fluid infusion volume, 
urine output, chest tube drainage, and amount of perioperative 
RBC transfused (from the start of surgery until 48 hours postop-
eratively).

Anesthetic and perioperative management

Heparin (80 U/kg) was administered intravenously to all pa-
tients before starting the first bypass graft anastomosis to achieve 
an activated clotting time of 250 s. After completing all graft anas-
tomosis and transit-time flow measurements, protamine was ad-
ministered at a ratio of 1 mg per 200–250 U of total heparin. 
Thromboelastography was conducted to assess coagulopathy fol-
lowing heparin reversal. Any shed blood was processed using a 
cell salvage device (Cell Saver® Elite®, Haemonetics) and rein-
fused. Throughout the perioperative period, RBC transfusion was 
initiated when the Hb level was <  8 g/dl unless active bleeding 
with hemodynamic instability necessitated urgent transfusion.

Study outcomes

The primary outcome was the association between non-anemic 
ID and the risk of composite outcome consisting of acute kidney 
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injury (AKI), permanent stroke, deep sternal wound infection, 
hemostatic reoperation, prolonged mechanical ventilation (>  24 
h), delirium, myocardial infarction (MI) and 30-day mortality. 
AKI was diagnosed according to the Kidney Disease: Improving 
Global Outcomes guideline for AKI, defined as an increase in se-
rum creatinine by 0.3 mg/dl or more within 48 hours, or an in-
crease of 1.5 times or more from baseline within the 7 days post-
operatively [13]. Urine output was excluded as a diagnostic crite-
rion for AKI because hourly urine output checks were not con-
ducted after the patients were moved to the general ward. The oc-
currence of delirium was searched for throughout the entire hos-
pital stay and was diagnosed based on the Intensive Care Delirium 
Screening Checklist, which was performed at least 3 times per day 
during the intensive care unit stay. After the patients had been 
moved to the general ward, electronic medical records including 
referrals to the psychiatry department for delirium management, 
nursing records, and progress notes, were reviewed. Postoperative 
MI was diagnosed based on the fourth universal definition of MI 
(type 5) [14]. Other outcomes (stroke, deep sternal infection, he-
mostatic reoperation, and mechanical ventilation >  24 hours) 
were assessed using the Society of Thoracic Surgeons definition of 
morbidity and were evaluated for occurrences until discharge 
[15]. Lastly, to capture out-of-hospital deaths, 30-day mortality 
was additionally verified using the Resident Registration Database 
from the Ministry of the Interior and Safety, which provides offi-
cial death status and dates. These outcomes were determined and 
prespecified in the study protocol before data collection.

Statistical analysis

Statistical analyses were performed using SAS version 9.4 (SAS 
Institute) and R version 4.3.3 (The R Foundation for Statistical 
Computing). The normality of continuous variables was tested us-
ing the Kolmogorov-Smirnov test. Continuous data are presented 
as mean ± standard deviation or median (Q1, Q3) as appropriate 
based on data distribution. Categorical variables are expressed as 
the number of patients (percentage). Comparisons between the 
groups were conducted using the independent t-test, Mann–Whit-
ney U test, chi-square test, or Fisher’s exact test, as appropriate. For 
all analyses, statistical significance was set at P <  0.05.

Multivariable models were used to assess the effect of ID on 
composite outcome after adjusting for covariates (Model 1). Uni-
variable logistic regression analyses were performed on all periop-
erative variables, and variables with P <  0.05 were considered po-
tential confounders. Among the identified potential confounders, 
variables suspected of multicollinearity were excluded, and only 
those deemed clinically relevant were included in the multivari-

able analysis. Since EuroSCORE-II was designed to predict opera-
tive mortality and comprises various known risk factors of adverse 
outcomes [16], it was excluded from the multivariable model to 
avoid multicollinearity. To further evaluate the presence of multi-
collinearity among the included variables, the variance inflation 
factors were calculated. All selected covariates demonstrated vari-
ance inflation factors below 2, confirming the absence of multi-
collinearity.

To explore potential interaction effects between ID and HF, an 
interaction analysis was performed, which included ID, HF, and 
their interaction term (ID*HF) in the multivariable logistic re-
gression model (Model 2). To assess whether the interaction term 
significantly improved model fit, a –2 log likelihood ratio test was 
conducted, comparing models with and without the interaction 
term. The criteria for HF were based on those reported by Anker 
et al. [17], who evaluated the effect of iron therapy in patients with 
HF. Specifically, HF was defined as LVEF ≤  40% for NYHA class 
II, ≤  45% for NYHA class III, or any patient with NYHA class IV. 
NYHA class IV was additionally included in our definition, given 
that our cohort comprised preoperatively hospitalized patients, 
unlike the ambulatory population in Anker et al.’s study, which in-
herently excluded NYHA class IV patients.

As part of a sensitivity analysis, ID was redefined using an alter-
native criterion of transferrin saturation ≤  19.8% or serum iron 
≤  13 μmol/L, based on a study that assessed iron status via bone 
marrow staining in patients with HF [18]. This alternative defini-
tion, termed ‘Grote-defined ID,’ was evaluated using the same 
multivariable logistic regression model in place of the primary ID 
definition (Model 3).

A post-hoc mediation analysis was performed using the media-
tion package in R [19] to assess the effect of perioperative RBC 
transfusion on the association between ID and the primary out-
come. As perioperative RBC transfusion was guided by Hb levels 
and preoperative ID may hinder postoperative Hb recovery, we 
hypothesized that ID might indirectly affect the primary outcome 
via RBC transfusion. The mediation model incorporated perioper-
ative RBC transfusion as the mediator, along with all covariates in-
cluded in the multivariable model 1. The average causal mediation 
effect (ACME) and the average direct effect were calculated. The 
95% Cis and P values were derived from nonparametric bootstrap-
ping with 1,000 simulations using robust standard errors.

Finally, for intergroup comparisons of serially assessed Hb lev-
els, a repeated-measures 2-way analysis of variance was performed 
with Bonferroni correction.
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Results

Overall, 1396 patients who underwent OPCAB between No-
vember 2016 and May 2023 were initially screened. After exclud-
ing ineligible patients, 433 remained for analysis: 229 and 204 
were iron-deficient and non-iron-deficient, respectively (Fig. 1). 
The median number of days before surgery for iron profile collec-
tion was 2 days [1–4].

Baseline characteristics and perioperative data are shown in Ta-
bles 1 and 2. Patients in the ID group were older, more likely fe-
male, had lower body mass index, and were more frequently dia-
betic than those in the non-ID group (Table 1). The ID group had 
a significantly lower median preoperative Hb level (13.8 g/dl 
[13.3–14.6]) than the non-ID group (14.4 g/dl [13.7–15.1]). Of 
the included patients, 82 had HF (18.9%), with a similar incidence 
observed in the ID and non-ID groups (48 [21%] and 34 [16.7%], 
respectively).

The number of grafts and total duration of graft reconstruction 

showed no significant differences between the 2 groups (Table 2). 
The incidence of perioperative RBC transfusion was significantly 
higher in patients with ID (25.8% vs. 10.8%, P <  0.001). Com-
pared with patients without ID, those with ID had lower nadir Hb 
levels (8.1 g/dl vs. 8.2 g/dl, P =  0.033), although the median dif-
ference was only 0.1 g/dl.

In the ID group, the composite outcome occurred in 69 of 229 
patients (30.1%), compared with 46 of 204 patients (22.5%) in the 
non-ID group, showing no statistically significant difference be-
tween groups (P =  0.075) (Table 3). Among the components of 
the composite outcome, the incidences of AKI (24 [10.5%] vs. 12 
[5.9%], P =  0.084) and delirium (42 [18.3%] vs. 25 [12.3%], P =  
0.080) tended to be higher in the ID group than in the non-ID 
group.

In the multivariable analysis adjusting for covariates identified 
via univariable analysis (Supplementary Table 1), no significant 
association was observed between ID and the composite outcome 
(odds ratio [OR]: 0.97, 95% CI [0.60–1.58], P =  0.921) (Model 1, 

Fig. 1. Flow diagram of the study. OPCAB: Off-pump coronary artery bypass surgery, ID: iron deficiency, IV: intravenous, PO: per oral.

OPCAB
(n = 1396)

n = 853

Anemia
(n = 420)

Non-anemia
(n = 433)

Emergency (n = 54)
Redo OPCAB (n = 5)
Minimally invasive surgery (n = 65)
Other surgical procedures (n = 13)
Enrolled in other studies (n = 69)

No sufficient preoperative data to diagnose 
ID (n = 281)

On-pump conversion (n = 5)
IV iron within 4 weeks (n = 5)
PO iron daily > 2 weeks (n = 46)

ID
(n = 229)

Non-ID
(n = 204)
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Table 1. Baseline Characteristics of Patients
Characteristic Overall (n =  433) ID (n =  229) Non-ID (n =  204) P value
Demographics
  Age (yr) 66 (59, 71) 67 (61, 72) 63 (57, 70) <  0.001
  Sex
    M 352 (81.3) 168 (73.4) 184 (90.2) <  0.001
    F 81 (18.7) 61 (26.6) 20 (9.8)
  BMI (kg/m2) 25.0 (23.1, 27.2) 24.7 (22.9, 26.8) 25.3 (23.4, 27.4) 0.019
  EuroSCORE-II 1.02 (0.70, 1.59) 1.12 (0.79, 1.64) 0.88 (0.67, 1.48) 0.001
  Ejection fraction (%) 60 (48, 68) 60 (48, 69) 60 (49, 67) 0.456
  E/e’† 11.2 (9.0, 14.0) 11.9 (9.6, 14.4) 10.5 (8.4, 13.0) <  0.001
  Hypertension 297 (68.6) 164 (71.6) 133 (65.2) 0.151
  Heart failure* 82 (18.9) 48 (21.0) 34 (16.7) 0.310
  Diabetes mellitus 184 (42.5) 108 (47.2) 76 (37.3) 0.037
  Chronic kidney disease 32 (7.4) 17 (7.4) 15 (7.4) 0.979
  CCS grade 0.948
    1 151 (34.9) 80 (34.9) 71 (34.8)
    2 214 (49.4) 111 (48.5) 103 (50.5)
    3 55 (12.7) 31 (13.5) 24 (11.8)
    4 13 (3.0) 7 (3.1) 6 (2.9)
  Heparin 296 (68.4) 156 (68.1) 140 (68.6) 0.910
  Aspirin 389 (89.8) 213 (93.0) 176 (86.3) 0.021
  Clopidogrel 275 (63.5) 151 (65.9) 124 (60.8) 0.266
Preoperative lab data
  Hemoglobin (g/dl) 14 (13.4, 14.8) 13.8 (13.3, 14.6) 14.4 (13.7, 15.1) <  0.001
  Platelet count (× 103/dl) 211 (182, 251) 215 (186, 252) 210 (177, 249) 0.417
  Ferritin (µg/L) 125.2 (68.0, 192.8) 71.4 (44.9, 110.4) 175.7 (138.3, 247.0) <  0.001
  Transferrin saturation (%) 29 (22, 38) 26 (19, 33) 34 (27, 41) <  0.001
  C-reactive protein (mg/L)‡ 1.2 (0.5, 2.9) 1.5 (0.6, 5.6) 1.0 (0.4, 1.9) <  0.001
  eGFR (ml/min/1.73m2) 88 (75, 95) 87 (74, 95) 90 (77, 96) 0.101
Values are presented as median (Q1, Q3) or number (%). aPTT: activated partial thromboplastin time, CCS: Canadian Cardiovascular Society, 
EuroSCORE-II: European System for Cardiac Operative Risk Evaluation-II, E/e’: ratio of early transmitral flow velocity to early mitral annular 
velocity, eGFR: estimated glomerular filtration rate, ID: iron-deficiency, LVEF: left ventricular ejection fraction. *Defined as a LVEF of 40% or less (for 
patients with New York Heart Association [NYHA] class II) or 45% or less (for NYHA class III) or with NYHA class IV. †E/e’ measurements were 
unavailable in 4 patients (ID = 1, non-ID = 3). ‡C-reactive protein values were unavailable in 8 patients (ID = 8).

Table 4). Among the covariates included in the multivariable 
model, CKD (OR: 2.68, 95% CI [1.23–5.86], P =  0.014), HF (OR: 
2.04, 95% CI [1.07–3.88], P =  0.031), and perioperative RBC 
transfusion (OR: 2.10, 95% CI [1.17–3.78], P =  0.013) were sig-
nificantly associated with the composite outcome.

The interaction analysis revealed that the association between 
non-anemic ID and the composite out come was not significant-
ly modified by HF status (P for interaction =  0.789; Model 2, 
Table 4).

In a sensitivity analysis using an alternative definition of ID 
(termed ‘Grote-defined ID’), 132 patients (30.5%) were classified 
as having Grote-defined ID. Grote-defined ID was not significant-
ly associated with the composite outcome (OR: 1.11, 95% CI 
[0.68–1.82], P =  0.69) in Model 3 (Table 4).

The total effect of ID on the composite outcome was not statis-
tically significant (β =  0.046, 95% CI, −0.039 to 0.130, P =  0.297) 
(Table 5). However, the analysis revealed a significant indirect ef-
fect of ID through perioperative RBC transfusion (ACME: β =  
0.028, 95% CI [0.007 to 0.056], P =  0.007), whereas the direct ef-
fect of ID independent of transfusion was not significant (average 
direct effect: β =  0.018, 95% CI [−0.067 to 0.103], P =  0.669).

Serially assessed postoperative Hb levels were compared be-
tween the ID and non-ID groups (Fig. 2). The P-value of the time 
×  group interaction was <  0.001. Significant intergroup differ-
ences were found on POD 0 and 1 (all P <  0.001), with levels be-
ing lower in the ID group than in the non-ID group.
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Discussion

In this sizable single-center retrospective cohort study of mul-
tivessel OPCAB surgery, non-anemic ID was not independently 
associated with the composite outcome. This result was consistent 
across patients with and without HF. Notably, the incidence of 
perioperative RBC transfusion was higher in the ID group, and 
our mediation analysis suggested that transfusion mediated the 
association between ID and the composite outcome, despite the 
absence of a significant total or direct effect.

Accounting for the critical physiologic role of iron, several 
guidelines recommend screening for ID and initiating iron therapy 
in patients expected to undergo major blood loss surgery [6,7]. 
However, iron therapy can have side effects, and it requires addi-
tional costs and hospital visits [8]. Moreover, some studies have 

Table 2. Perioperative Data
Variable ID (n =  229) Non-ID (n =  204) P value
Intraoperative data
  Duration of operation (min) 235 (212, 258) 238 (218, 260) 0.196
  Number of grafts 3 (3, 4) 3 (3, 4) 0.655
  Total duration of graft reconstruction (min) 36.9 (30.1, 44.0) 36.7 (31.0, 43.1) 0.893
  Salvaged blood reinfused (ml) 220 (210, 257) 220 (210, 380) 0.654
  Fluid administration
    Crystalloid (ml) 1400 (1200, 1800) 1500 (1150, 1900) 0.760
    Colloid (ml) 500 (175, 500) 500 (150, 500) 0.414
  Urine output (ml) 250 (150, 350) 230 (143, 395) 0.807
Postoperative data*
  Fluid administration
  Crystalloid (ml) 4542 (4002, 5089) 4761 (4183, 5334) 0.025
  Colloid (ml) 440 (100, 700) 275 (100, 600) 0.050
  Urine output (ml) 4510 (3715, 5470) 4545 (3962, 5415) 0.730
  Chest tube drainage (ml) 1030 (850, 1313) 1025 (840, 1303) 0.833
  Nadir Hb (g/dl)
    POD 0 10.1± 1.4 10.7± 1.4 <  0.001
    POD 1 9.4± 1.5 10.0± 1.5 <  0.001
    POD 3 9.0± 1.2 9.1± 1.2 0.185
    POD 7 9.5± 1.2 9.6± 1.1 0.126
    Entire postoperative period 8.1 (7.3, 9.0) 8.2 (7.6, 9.2) 0.033
Perioperative† RBC transfusion
  Number of patients 59 (25.8) 22 (10.8) <  0.001
  Number of units 0.0 (0.0, 1.0) 0.0 (0.0, 0.0) <  0.001
    0 170 (74.2) 182 (89.2)
    1 35 (15.3) 8 (3.9)
    2 16 (7.0) 10 (4.9)
    ≥ 3 8 (3.5) 4 (2.0)
Values are presented as median (Q1, Q3), mean ± SD or number (%). ID: iron-deficiency, Hb: hemoglobin, POD: postoperative day, RBC: packed 
red blood cells. *Postoperative data was collected until 48 hours after surgery. †Perioperative period was defined as beginning with the start of 
surgery and ending 48 hours postoperatively.

Table 3. Postoperative Outcomes

Outcome ID 
(n= 229)

Non-ID 
(n= 204) P value

Composite outcome 69 (30.1) 46 (22.5) 0.075
  30-day mortality 1 (0.4) 1 (0.5) 0.501
  AKI 24 (10.5) 12 (5.9) 0.084
  Stroke 5 (2.2) 1 (0.5) 0.220
  Deep sternal infection 4 (1.7) 3 (1.5) > 0.999
  Hemostatic reoperation 0 (0) 1 (0.5) 0.471
  MV >  24 h 9 (3.9) 4 (2.0) 0.231
  Delirium 42 (18.3) 25 (12.3) 0.080
  Postoperative MI 6 (2.6) 4 (2.0) 0.755
Values are presented as number (%). ID: iron deficiency, AKI: acute 
kidney injury, MV: mechanical ventilation, MI: myocardial infarction.
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found that preoperative iron therapy, even when administered in-
travenously, does not reduce postoperative allogeneic RBC trans-
fusion [20,21], potentially due to increased hepcidin expression, 
which impairs iron utilization and erythropoiesis. The findings of 
our multivariable analysis revealed no significant association be-
tween non-anemic ID and composite outcome. This association 
did not change even when an alternative criterion that we termed 
‘Grote-defined ID’ based on sternal bone marrow iron staining was 
used [18]. This consistent result across 2 distinct ID definitions 
strengthens the robustness of our findings.

The lack of association in our OPCAB cohort may be partly at-
tributed to the surgical setting. In contrast to procedures involving 
cardiopulmonary bypass, OPCAB is associated with a reduced 
risk of hemodilution and transfusion, potentially minimizing the 
pathway through which ID might affect outcomes. Consequently, 
in the absence of anemia and with a low likelihood of transfusion, 
the physiological impact of ID may not translate into clinically 
meaningful differences in outcomes. Clinically, these findings 
raise important questions about the utility of routine preoperative 
iron supplementation in patients without anemia undergoing OP-

Table 4. Multivariable Logistic Regression Analysis for Composite Outcome
Model 1 Model 2 Model 3

OR 95% CI P value OR 95% CI P value OR 95% CI P value
ID 0.97 0.60–1.58 0.921 0.95 0.56–1.61 0.840
ID*HF 1.19 0.34–4.17 0.788
Grote-defined ID* 1.11 0.68–1.82 0.685
Sex 1.47 0.81–2.66 0.202 1.48 0.82–2.69 0.195 1.44 0.80–2.60 0.225
Age 1.03 1.00–1.06 0.056 1.03 1.00–1.06 0.056 1.03 1.00–1.06 0.056
DM 1.47 0.92–2.34 0.108 1.47 0.92–2.35 0.105 1.46 0.92–2.32 0.111
CKD 2.68 1.23–5.86 0.014 2.69 1.23–5.88 0.014 2.71 1.24–5.91 0.013
HF† 2.04 1.07–3.88 0.031 1.84 0.70–4.88 0.218 2.00 1.05–3.83 0.036
E/e’ ‡ 1.05 1.00–1.11 0.070 1.05 1.00–1.11 0.070 1.05 1.00–1.11 0.073
Perioperative RBC 

transfusion§
2.10 1.17–3.78 0.013 2.11 1.17–3.79 0.013 2.09 1.16–3.74 0.014

OR: odds ratio, ID: iron deficiency, HF: heart failure, DM: diabetes mellitus, CKD: chronic kidney disease, E/e’: ratio of early transmitral flow 
velocity to early mitral annular velocity, RBC: packed red blood cells. *Defined as transferrin saturation ≤ 19.8% or serum iron ≤ 13 μmol/L. 
†Defined as a LVEF of 40% or less (for patients with New York Heart Association [NYHA] class II) or 45% or less (for NYHA class III) or with 
NYHA class IV. ‡Missing data: Patients with missing E/e’ values (n = 4) were excluded from the multivariable analysis. §Perioperative period was 
defined as beginning with the start of surgery and ending 48 hours postoperatively.

Table 5. Mediation Analysis for Perioperative Allogeneic RBC Transfusion between ID and Composite Outcome
Effect β 95% CI P value Standard error
Total effect 0.046 −0.039 to 0.130 0.297 0.043
Average causal mediation effect 0.028 0.007 to 0.056 0.007 0.011
Average direct effect 0.018 −0.067 to 0.103 0.669 0.043
Proportion mediated 0.430 −4.838 to 5.710 0.296 0.321
This analysis model was adjusted for sex, age, diabetes mellitus, chronic kidney disease, congestive heart failure, ratio of early transmitral flow 
velocity to early mitral annular velocity.

Fig. 2. Changes in hemoglobin during postoperative period with 
error bars in patients with and without ID. ID: iron deficiency, POD: 
postoperative day.
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CAB. Our results suggest that the indication for iron treatment 
should be carefully considered based on surgical context and indi-
vidual transfusion risk, rather than ID status alone.

Recognizing iron’s critical physiological role in patients with HF 
[2], we also examined ID in combination with HF in an interac-
tion analysis. However, the introduction of the ID*HF term to the 
multivariable model showed no prognostic significance in the 
OPCAB group. Conversely, CKD, HF, and perioperative RBC 
transfusion were shown to be independently associated with ad-
verse composite outcome, which are well-known risk factors of 
poor prognosis in cardiac surgery [22–24]. The statistical signifi-
cance of perioperative RBC transfusion may reflect the role of 
transfusion as a marker of underlying clinical severity or the in-
herent negative effect of RBC transfusion influencing the com-
posite outcome. These results align with those of a recent me-
ta-analysis [11], which emphasizes the limited prognostic value of 
ID alone while highlighting the role of transfusion in influencing 
surgical outcomes. Similarly, in patients with non-anemic valvular 
heart disease, ID was not associated with adverse outcomes unless 
transfusion risk was concurrently present [9].

To further evaluate whether ID could influence outcomes 
through indirect mechanisms, we conducted a mediation analysis 
using perioperative RBC transfusion as a mediator. The total ef-
fect of ID on the composite outcome, incorporating both direct 
and indirect components, was not statistically significant. Howev-
er, the analysis revealed a significant indirect effect, indicating that 
ID increased the likelihood of transfusion, which was inde-
pendently associated with adverse outcomes in the multivariable 
model. The proportion mediated did not show statistical signifi-
cance, likely due to limited precision in estimating the total effect 
in association with the wide CI of the proportion mediated. How-
ever, the significant ACME suggests a potential pathway through 
which ID may influence outcomes indirectly through transfusion 
exposure. Non-anemic ID showed no direct association with the 
composite outcome, but its association with higher transfusion 
requirements (an established risk factor) suggests an indirect 
pathway warranting prospective evaluation.

When comparing postoperative Hb levels, values were signifi-
cantly lower in the ID group on POD 0 and 1 (both P <  0.001), 
and transfusions were more frequent in this group (25.8% vs. 
10.8%). This difference may partly reflect the lower baseline Hb 
observed in patients with ID (median difference, 0.6 g/dl). Never-
theless, the nadir postoperative Hb levels were nearly identical be-
tween the 2 groups, both approximating 8 g/dl, with only a 0.1 g/
dl difference. Given the uniform application of the transfusion 
threshold at 8 g/dl, this finding indirectly supports protocol ad-
herence and reduces the likelihood of systematic treatment bias. 

Additionally, the interval between preoperative iron assessment 
and the index operation was uniformly short (median, 2 days; all 
within 5 days), minimizing potential temporal confounding.

The study had some limitations. First, its retrospective, sin-
gle-center design in an exclusively Asian population limited gen-
eralizability and may have introduced selection bias related to lo-
cal clinical practices. Factors not accounted for in this study may 
have influenced perioperative transfusion decisions. Second, 
postoperative AKI was diagnosed using the serum creatinine cri-
teria alone because urine output was inconsistently recorded after 
transfer to the ward, which might have led to underestimation of 
AKI incidence. Finally, approximately 20% of initially screened 
patients were excluded owing to missing preoperative iron profile 
data, particularly serum ferritin. Although routine iron status as-
sessment has been established at our institution since 2016, evolv-
ing clinical practices during the study period resulted in inconsis-
tent testing, especially among patients without overt anemia or 
known hematologic disorders.

In conclusion, our retrospective study found no significant cor-
relation between non-anemic ID and composite outcome in OP-
CAB patients. Thus, until conclusive evidence regarding the po-
tentially meaningful mediation effect of perioperative RBC trans-
fusion between ID and outcomes can be established, current 
guideline recommendations for routine correction of ID with iron 
therapy should be adopted cautiously in non-anemic patients un-
dergoing OPCAB.
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