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ARTICLE INFO ABSTRACT

Keywords: Background: Tt is unclear how perioperative hemoglobin decrease (AHb) influences the balance
Perioperative hemoglobin decrease between risks and benefits of red blood cell transfusion after cardiac surgery.

Transfusion Methods: We retrospectively analyzed data on 8186 adults who underwent valve surgery and/or

Cardiac surgery

Observational study coronary artery bypass grafting under cardiopulmonary bypass at two large cardiology centers.

We explored the potential association of AHb, defined relative to the preoperative level and
postoperative nadir, with a composite outcome of in-hospital mortality, myocardial infarction,
stroke, and acute kidney injury using multivariable logistic regression, restricted cubic spline, and
piecewise-linear models.

Results: Among 6316 patients without preoperative anemia, AHb > 50 % was associated with an
elevated risk of the composite outcome [adjusted odds ratio (aOR) 1.95, 95 % confidence interval
(CD) 1.81-2.35]. Among 869 patients without preoperative anemia and with AHb > 50 %,
postoperative transfusion of no more than four units of red blood cell appeared to decrease the
risk of the composite outcome, whereas transfusion of more than six units increased risk. Among
5447 patients without preoperative anemia and with AHb < 50 %, postoperative transfusion
appeared not to decrease the risk of the composite outcome. Among 1870 patients with preop-
erative anemia, AHb > 30 % significantly increased the risk of the composite outcome (aOR 1.61,
95 % CI 1.23-2.10), and this risk might be moderated by postoperative transfusion of no more
than four units of red blood cell, but increased by transfusion of more than six units.
Conclusions: AHb may influence the balance between risks and benefits of red blood cell trans-
fusion after cardiac surgery.

1. Introduction

Cardiopulmonary bypass (CPB) and related factors during cardiac surgery often result in significant perioperative blood loss and
hemodilution, potentially leading to acute anemia and elevated risk of mortality and morbidity [1-5]. While red blood cell (RBC)
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transfusion during hospitalization is a common remedy for acute anemia, it may raise the risk of acute kidney injury, infection, or even
death [6-10]. Thus, deciding whether to perform transfusion means balancing the risks of acute anemia against the potential benefits
of transfusion.

Several randomized clinical trials have investigated which absolute hemoglobin level may be appropriate as a threshold or trigger
for performing perioperative RBC transfusion, but results have been inconsistent [11-14]. Since a patient’s ability to tolerate acute
anemia may depend strongly on his or her baseline hemoglobin level, which varies widely in the general population, researchers have
recently explored a relative transfusion trigger based on the difference between pre-and intraoperative nadir hemoglobin levels [15,
16]. Notably, two cohort studies found that patients with normal preoperative hemoglobin level were at higher risk of anemia-related
complications after cardiac surgery if the intraoperative hemoglobin level was at least 50 % smaller than the preoperative one, even if
intraoperative hemoglobin level remained at least 7 g/dL, which has often been used as an absolute transfusion trigger.

While these cohort studies demonstrate the potential superiority of a relative transfusion trigger over an absolute one, they did not
take into account that the difference between preoperative hemoglobin level and postoperative nadir hemoglobin level may also affect
the risk of adverse outcomes after cardiac surgery. In addition, they examined only patients with normal preoperative hemoglobin
level, leaving open whether a relative transfusion trigger is appropriate for patients with preoperative anemia. Finally, they did not
examine in detail how the volume of RBC transfusion may affect outcomes. The present retrospective observational study addressed
these questions by analyzing over 8000 patients who underwent cardiac surgery at two large heart centers in China.

2. Materials and methods
2.1. Study design and population

This retrospective observational study included patients 18 years or older who underwent valve surgery and/or coronary artery
bypass grafting (CABG) involving CPB either at West China Hospital of Sichuan University between January 1, 2011 and June 30,
2017, or at the Second Affiliated Hospital in the School of Medicine of Zhejiang University between September 1, 2013 and June 30,
2017. Exclusion criteria were as follows: patients whose surgeries also involved ascending aortic replacement or cardiac tumor
resection, those who underwent emergency surgeries, patients who died on the operating table, those who could not be weaned off CPB
in the operating room, or patients lacking available perioperative hemoglobin values.

This study was approved by the Ethics Committees at West China Hospital (approval no. 256/2017) and the Second Affiliated
Hospital (approval no. 096/2017). Both committees waived the requirement for individual informed consent because of the retro-
spective study design. The study was registered with ClinicalTrials.gov under the identifier NCT04476134.

2.2. Data collection

We retrospectively collected data on demographic details, comorbidities, laboratory tests, perioperative examinations, surgical
variables, transfusion, and postoperative variables from the Hospital Information System, Laboratory Information System, and
Transfusion System at West China Hospital, or from the Electronic Medical Record System and “Do Care” System at the Second
Affiliated Hospital. Data collection lasted from October 15, 2017, to December 20, 2017, at West China Hospital, and from November
4, 2017, to December 15, 2017, at the Second Affiliated Hospital. All medical data were handled using EpiData version 3.0 (EpiData
Association, Odense, Denmark). To ensure accuracy and reliability, two investigators independently verified all collected data.

2.3. Perioperative management

Anesthesia and CPB were performed according to standard protocols [17,18]. Briefly, anesthesia was induced with midazolam,
sufentanil, etomidate, and a muscle relaxant. Anesthesia was maintained with infusion of remifentanil, inhalation of sevoflurane, and
intermittent injection of sufentanil and muscle relaxant. CPB management was similar across both centers. The membrane oxygenator
(Medtronic, Minneapolis, MN, USA) was primed with 500 ml crystalline liquid and 1000 ml colloid solution. All patients initially
received heparin (375 U/kg), which was also administered intermittently to maintain activated clotting time longer than 480 s. Blood
flow rate was 2.0-2.5 L/m?/min to maintain mean arterial pressure between 50 and 80 mmHg during CPB. The heart was arrested by
cold 4:1 blood cardioplegia. Body temperature was moderately cooled to 30-32 °C, and hematocrit was maintained above 20 %. After
weaning from CPB, heparin was neutralized by infusing protamine in a 1:1 ratio to the initial dose of heparin.

All patients received standard RBC transfusion management. Both study sites treated anemia using erythropoietin or ferrous sulfate
when appropriate, cell salvage was performed and tranexamic acid was administered perioperatively, and the following hemoglobin
thresholds were applied when deciding on perioperative RBC transfusion: (1) if absolute hemoglobin level fell below 7 g/dL during
CPB, 8 g/dL during surgery before or after CPB, or 9 g/dL during recovery in the intensive care unit (ICU) or general ward; or (2) if the
attending physician ordered transfusion based on the patient’s condition [17,19-21].

2.4. Assessment of perioperative hemoglobin and the composite outcome
Perioperative hemoglobin concentration was measured in all patients as follows: (1) at least once between admission and the day

before surgery; (2) at least four times in the operating room, i.e. after intubation, at the beginning of CPB, before weaning off CPB, and
after CPB; (3) once upon arrival in the ICU, then at least three times per day, or anytime when ICU clinicians determined it necessary;
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(4) at least once every two days after return to the recovery ward and until discharge; and (5) before and after RBC transfusion in the
case of patients who received such transfusion. Hemoglobin concentration was determined by blood gas analysis using a Cobas b 123
device (Roche, Basel, Switzerland) at West China Hospital, or using a Cobas b 221 device (Roche) at the Second Affiliated Hospital of
Zhejiang University.

Preoperative hemoglobin was defined as the last available measurement before surgery. Preoperative anemia was defined as
preoperative hemoglobin level lower than 12.0 g/dL in women or lower than 13.0 g/dL in men [22]. Postoperative nadir hemoglobin
was defined as the lowest level measured from ICU admission until day 3 after cardiac surgery [23,24]. Perioperative hemoglobin
decrease (AHb) was calculated as AHb = (Preoperative hemoglobin — Postoperative nadir hemoglobin)/Preoperative hemoglobin x
100.

We defined a composite outcome that included all-cause mortality during hospitalization, myocardial infarction, stroke, or acute
kidney injury, as detailed in Table S1. If more than one adverse event occurred after cardiac surgery, only the first one was included in
the analyses.

2.5. Statistical analyses

Continuous data were reported as mean + standard deviation (SD) or median (interquartile range, IQR), while categorical data
were reported as frequencies (percentages). Inter-group differences in continuous variables were assessed for significance using
Student’s t-test or Mann-Whitney U test, while differences in categorical variables were assessed using the chi-squared or Fisher’s exact
test. Sporadic missing values were addressed by imputing the median for continuous data or the mode for categorical data, as detailed
in Table S2.

Potential confounders were identified based on biological plausibility, documented risk factors from the literature, and results of
logistic regression analysis. Based on previous studies [15,16,25], we systematically searched the Medline, EMBASE, and Cochrane
databases using the search terms risk factor, predictor, mortality, morbidity, adverse outcome, complication, and cardiac surgery to identify
as many potential perioperative risk factors as possible. Additionally, logistic regression was applied to clinicodemographic and
intraoperative variables within our cohort to pinpoint further risk factors. Variables associated with P < 0.1 in univariate logistic
regression were entered into multivariable logistic regression. Those achieving a P < 0.05 in the multivariable analysis were
considered potential confounders.

Crude associations between AHb and the composite outcome in patients with or without preoperative anemia were investigated
using locally weighted scatterplot smoothing (lowess method). Patients were categorized into quartiles based on AHb for some an-
alyses. Logistic regression models were developed and results were reported as unadjusted or adjusted odds ratios (ORs) with 95 %
confidence intervals (CIs). Model 1, we tested the bivariate relationship between AHb and the composite outcome. Model 2, age, sex,
and body mass index (BMI) were introduced into the model. Model 3, other potential confounders, including current smoking, pre-
operative comorbidities, left ventricular function, and other risk factors related to surgery and perioperative RBC transfusion were
added. We performed tests for linear trends by entering the median value of each category of AHb as a continuous variable and re-
running the models as stated above. To verify the robustness of the associations observed, sensitivity analyses were conducted.
These analyses divided patients into quartiles and quintiles based on AHb and adjusted for additional factors including pulmonary
hypertension, New York Heart Association (NYHA) classification, and perioperative transfusions of platelets (PLT) and fresh frozen
plasma (FFP).

When there was evidence of non-linearity, restricted cubic spline models were applied to examine the quantitative association
between AHb and the composite outcome in patients with or without preoperative anemia [26,27]. When fitting AHD as a restricted
cubic spline, the number of knots was determined by fitting models with 3-5 knots and selecting the optimal model based on the
minimized Akaike information criterion [28]. In spline models, covariates were fully adjusted and potential non-linearity was
investigated using the Wald test. To identify appropriate cut-off values of AHb, a two-line piecewise linear model with a single “change
point” was estimated by testing all possible values for the change point and choosing the value with the highest likelihood. Restricted
cubic spline models were also created to assess the relationship between AHb and the composite outcome in prespecified subgroups
stratified by sex, age, or perioperative RBC transfusion.

Logistic regression analyses were conducted separately on patients with or without preoperative anemia to determine the impact of
preoperative risk factors on the cut-off values of AHb and their associations with the composite outcome. Results from these analyses
were reported as odds ratios (ORs) and 95 % confidence intervals (CIs). We also used multivariable linear models to explore associ-
ations between AHD values that were above or below certain cut-offs and the composite outcome.

To further assess the role of cut-off values of AHb for deciding when and how many units of RBC to transfuse postoperatively, we
ran multivariable-adjusted logistic regression models to examine the effects of postoperative RBC transfusion on the composite
outcome.

All statistical tests were two-sided, and differences associated with P < 0.05 were considered statistically significant. Statistical
analyses were performed using SPSS 25.0 (IBM, Chicago, IL, USA) and R 3.6.2 (https://www.r-project.org).

3. Results
3.1. Demographic and clinical characteristics of the study population

A total of 8521 patients were screened for enrollment, of whom 335 were excluded for the following reasons: undergoing surgery
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involving ascending aortic replacement (n = 131) or cardiac tumor resection (91), emergency surgery (10), death on the operating
table (19), inability to be weaned off CPB (4), or missing perioperative hemoglobin values (80). Consequently, 8186 patients were
included in the final analysis, with 1870 (22.8 %) identified as having preoperative anemia (Fig. 1).

The study cohort had a median age of 52.0 years (IQR 45.0-61.0 years), with 57.7 % being female. The predominant procedure was
valve replacement alone, performed in 88.5 % (7241) of the cases. Nearly half of the patients (3,915, 47.8 %) received at least one unit
of RBC during their hospital stay, with a median transfusion volume of 3.0 units. The median preoperative hemoglobin was 13.5 g/dL
(IQR 12.3-14.6 g/dL), while the median postoperative nadir hemoglobin was 8.2 g/dL (IQR 7.3-9.0 g/dL), resulting in a median AHb
of 38.5 % (IQR 32.0%-44.8 %) (Table 1).

3.2. The composite outcome and its risk factors

The composite outcome was observed in 1633 (19.9 %) patients, including 12 (0.1 %) patients with myocardial infarction, 26 (0.3
%) with stroke, 1605 (19.6 %) with acute kidney injury, and 109 (1.3 %) who died (Table 2). Patients experiencing the composite
outcome were more likely to be aged 65 or older (30.1 % vs. 10.9 %), male (54.2 % vs. 39.4 %), have preoperative anemia (31.4 % vs.
20.7 %), and receive perioperative RBC (65.2 % vs. 43.5 %) or PLT transfusions (20.3 % vs. 11.4 %), with all comparisons reaching
statistical significance (P < 0.001).

Multivariable logistic regression and literature review identified several potential confounders, including sex, age, BMI, current
smoking, preoperative hemoglobin, American Society of Anesthesiologists (ASA) classification, comorbidities, left ventricular func-
tion, type of surgery, CPB duration, and perioperative RBC transfusion (Table S3). Comorbidities included the following conditions:
chronic obstructive pulmonary disease, hypertension, previous myocardial infarction, infective endocarditis, atrial fibrillation, pre-
vious congestive heart failure, peripheral arterial disease, previous cardiovascular surgery, previous transient ischemic attack, pre-
vious stroke, liver injury, renal dysfunction, and diabetes mellitus.

3.3. Associations between AHD and risk of the composite outcome

AHD showed a non-linear relationship to the composite outcome in patients with or without preoperative anemia. After a certain
AHDb was reached, the risk of the composite outcome increased dramatically (Fig. S1, Table 3), leading us to search for potentially
clinically valuable cut-off values. Specifically, in patients without preoperative anemia, the results of the multivariable logistic
regression showed that AHb was positively associated with the composite outcome (P for trend <0.001). Patients in the fourth AHb
quartile (AHb > 46.0 %) were at 67 % higher risk of the composite outcome than those in the first quartile (AHb < 34.4 %,; adjusted OR
1.67, 95 % CI 1.35-2.07). Among those with preoperative anemia, AHb was still positively associated with the composite outcome (P
for trend <0.001), and patients in the fourth quartile (AHb > 38.1 %) were at twice the risk of the composite outcome as those in the
first quartile (AHDb < 23.4 %; adjusted OR 2.10, 95 % CI 1.42-3.12). These associations remained robust after additionally adjusting for
NYHA classification, pulmonary hypertension, perioperative transfusion with PLT or FFP; and after stratifying patients into AHb
quintiles (Tables S4-5).

A flexible model comprising a restricted cubic spline component and a two-line piecewise linear component identified a change
point of AHb of 49.1 % (standard error, 0.26) for patients without preoperative anemia and 29.9 % (standard error, 0.12) for patients
with preoperative anemia. Based on these findings, we established proposed cut-off values for AHb at approximately 50 % (Fig. 2A)
and 30 % (Fig. 2B), respectively. In subgroup analyses, restricted cubic spline indicated that the relationship remained consistent
between AHb and the composite outcome when patients were stratified by sex, age, or perioperative RBC transfusion; interactions of
these covariates with AHb were not statistically significant (Figs. S2-3).

In patients without preoperative anemia, adjusted multivariable logistic regression indicated a significantly higher risk of the
composite outcome for those with AHb > 50 %, compared to those with AHb < 50 % (adjusted OR 1.95, 95 % CI 1.61-2.35; P < 0.001).

8521 patients were screened

335 patients were excluded
131 underwent a joint surgery of ascending aortic replacement
91 underwent a joint surgery of cardiac tumor resection
10 underwent emergency surgery
19 died on the operating table
4 could not be weaned off CPB in the operation room
80 _missing hemoglobin value

8186 patients were analyzed

l l

6316 patients without 1870 patients with
preoperative anemia preoperative anemia

Fig. 1. Flowchart of the study. CPB, cardiopulmonary bypass.
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Table 1
Characteristics of patients undergoing cardiac surgery.

Characteristic All patients (N = Preoperative anemia®
8186)
No Yes
AHD" < 50 % (n= AHb >50 % (n = P AHb <30 % (n = AHb >30 % (n = P
5447) 869) 851) 1019)
Preoperative factors
Age, year 52.0 (45.0-61.0) 51.0 (44.0-60.0) 56.0 (48.0-63.0) <0.001  49.0 (42.0-60.0) 57.0 (48.0-65.0) <0.001
Female 4720 (57.7) 3174 (58.3) 435 (50.1) <0.001 576 (67.7) 535 (52.5) <0.001
BMI, kg/m> 22.7 (20.8-24.7) 22.7 (21.1-25.0) 22.7 (21.0-24.5) 0.034 22.3 (20.2-23.7) 22.5 (20.3-24.0) 0.446
Current smoking 2291 (28.0) 1498 (27.5) 289 (33.3) <0.001 188 (22.1) 316 (31.0) <0.001
ASA classification 0.027 0.502
II-111 7696 (94.0) 5165 (94.8) 808 (93.0) 788 (92.6) 935 (91.8)
v-v 490 (6.0) 282 (5.2) 61 (7.0) 63 (7.4) 84 (8.2)
NYHA classification 0.264 0.807
I 144 (1.8) 91 (1.7) 17 (2.0) 18 (2.1) 18 (1.8)
I 2006 (24.5) 1348 (24.7) 214 (24.6) 202 (23.7) 242 (23.7)
I 5765 (70.4) 3879 (71.2) 608 (70.0) 576 (67.7) 702 (68.9)
v 271 (3.3) 129 (2.4) 30 (3.5) 55 (6.5) 57 (5.6)
Comorbidities
Chronic obstructive 67 (0.8) 38 (0.7) 10 (1.2) 0.158 7 (0.8) 12 (1.2) 0.448
pulmonary disease
Hypertension 1341 (16.4) 788 (14.5) 179 (20.6) <0.001 148 (17.4) 226 (22.2) 0.010
Coronary heart disease 1060 (12.9) 567 (10.4) 151 (17.4) <0.001 117 (13.7) 225 (22.1) <0.001
One diseased vessel 231 (2.8) 138 (2.5) 30 (3.5) 31(3.6) 32(3.1)
Two diseased vessels 193 (2.4) 99 (1.8) 29 (3.3) 19 (2.2) 46 (4.5)
Three diseased vessels 519 (6.3) 273 (5.0) 82 (9.4) 56 (6.6) 108 (10.6)
Not investigated 117 (1.9 57 (1.0) 10 (1.2) 11 (1.3) 39(3.8)
Previous myocardial 229 (2.8) 119 (2.2) 30 (3.5) 0.023 27 (3.2) 53 (5.2) 0.033
infarction
Infective endocarditis 190 (2.3) 44 (0.8) 8(0.9) 0.733 76 (8.9) 62 (6.1) 0.020
Atrial fibrillation 3723 (45.5) 2567 (47.1) 462 (53.2) 0.001 306 (36.0) 388 (38.1) 0.345
Previous congestive heart 1511 (18.5) 993 (18.2) 171 (19.7) 0.307 174 (20.4) 173 (17.0) 0.055
failure
Peripheral arterial disease 112 (1.4) 62 (1.1) 12 (1.4) 0.538 13(1.5) 25 (2.5) 0.162
Previous cardiovascular 1825 (22.3) 1081 (19.8) 237 (27.3) <0.001 186 (21.9) 321 (31.5) <0.001
surgery
Previous transient ischemic 36 (0.4) 28 (0.5) 3(0.3) 0.511 3(0.4) 2(0.2) 0.521
attack
Previous stroke 336 (4.1) 203 (3.7) 36 (4.1) 0.551 50 (5.9) 47 (4.6) 0.221
Liver injury 412 (5.0) 263 (4.8) 53 (6.1) 0.111 46 (5.4) 50 (4.9) 0.627
Renal dysfunction 364 (4.4) 161 (3.0) 44 (5.1) 0.001 67 (7.9) 92 (9.0) 0.373
Diabetes mellitus 528 (6.5) 290 (5.3) 67 (7.7) 0.005 61 (7.2) 110 (10.8) 0.007
Echocardiography
Left ventricular function®, % 0.514 0.091
Good 7109 (86.8) 4704 (86.4) 755 (86.9) 766 (90.0) 884 (86.8)
Moderate 1041 (12.7) 719 (13.2) 108 (12.4) 83(9.8) 131 (12.9)
Poor 36 (0.4) 24 (0.4) 6 (0.7) 2(0.2) 4(0.4)
Pulmonary hypertension, 0.288 0.010
mmHg
Normal 6728 (82.2) 4526 (83.1) 725 (83.4) 646 (75.9) 831 (81.6)
Mild 427 (5.2) 259 (4.8) 51 (5.9) 54 (6.3) 63 (6.2)
Moderate 705 (8.6) 465 (8.5) 69 (7.9) 92 (10.8) 79 (7.8)
Severe 326 (4.0) 197 (3.6) 24 (2.8) 59 (6.9) 46 (4.5)
Intraoperative factors
Type of surgery <0.001 <0.001
Valve 7241 (88.5) 4692 (91.1) 721 (83.0) 750 (88.1) 808 (79.3)
Coronary artery bypass 794 (9.7) 401 (7.4) 116 (13.3) 91 (10.7) 186 (18.3)
grafting
Both 151 (1.8) 84 (1.5) 32(3.7) 10 (1.2) 25 (2.5)
Time on bypass, min 114.0 112.0 126.0 <0.001 108.0 121.0 <0.001
(89.0-142.0) (88.0-138.0) (100.0-158.0) (85.0-137.0) (94.0-149.0)
Cross-clamp time, min 75.0 73.0 (56.0-98.0) 82.0 <0.001  71.0(53.0-95.0) 81.0 <0.001
(57.0-100.0) (63.0-110.0) (60.0-106.0)
Duration of surgery, h 4.8 (4.0-5.5) 4.7 (4.0-5.4) 5.3 (4.3-6.1) <0.001 4.6 (4.0-5.3) 5.0 (4.2-5.9) <0.001
Perioperative hemoglobin
Preoperative hemoglobin®, g/ 13.5 (12.3-14.6) 13.9 (13.1-14.8) 14.5 (13.7-15.4) <0.001 10.7 (9.6-11.5) 11.7 (11.1-12.1) <0.001
dL
Postoperative nadir 8.2 (7.3-9.0) 8.5 (7.8-9.4) 6.8 (6.1-7.1) <0.001  8.3(7.7-8.8) 7.1 (6.6-7.7) <0.001

hemoglobin’ g/dL

(continued on next page)
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Characteristic All patients (N = Preoperative anemia®
8186)
No Yes
AHD" < 50 % (n= AHb >50 % (n = P AHb <30 % (n = AHb >30 % (n = P
5447) 869) 851) 1019)
AHD", % 38.5 (32.0-44.8) 38.7 (33.5-43.4) 53.5 (51.4-56.7) <0.001  22.4 (15.9-26.4) 37.4 (33.6-42.5) <0.001
Blood transfusion
Perioperative RBC 3915 (47.8) 1872 (34.4) 639 (73.5) <0.001 633 (74.4) 771 (75.7) 0.524
transfusion
Total RBC, units 3.0 (2.0-5.0) 2.0 (2.0-4.0) 4.0 (2.0-7.5) <0.001 4.0 (2.0-5.0) 4.0 (2.0-6.0) 0.130
Intraoperative RBC 1957 (23.9) 891 (16.4) 196 (22.6) <0.001 427 (50.2) 443 (43.5) 0.004
transfusion
Volume of intraoperative 2.0 (2.0-4.0) 2.0 (2.0-3.0) 3.0 (2.0-6.0) <0.001 3.0 (2.0-4.0) 3.0 (2.0-4.0) 0.041
RBC transfusion, units
Postoperative RBC 2584 (31.6) 1222 (22.4) 501 (57.7) <0.001 384 (45.1) 477 (46.8) 0.466
transfusion
Volume of postoperative RBC 3.0 (2.0-4.0) 2.0 (2.0-3.5) 4.0 (2.0-7.0) <0.001 3.0 (2.0-4.0) 3.5(2.0-5.0) 0.047
transfusion, units
Perioperative PLT transfusion 1078 (13.2) 601 (11.0) 156 (18.0) <0.001 130 (15.3) 191 (18.7) 0.048
Perioperative FFP transfusion 2462 (30.1) 1288 (23.6) 481 (55.4) <0.001 228 (26.8) 465 (45.6) <0.001

Values are presented as n (%) or median (interquartile range) unless otherwise noted. Continuous variables were compared using Student’s t-test or
Mann-Whitney U test, and categorical variables were compared using the chi-squared or Fisher’s exact test.
@ Preoperative anemia was defined as preoperative hemoglobin <12 g/dL for women or <13 g/dL for men.
b AHb (%) was defined as (Preoperative hemoglobin — Postoperative nadir hemoglobin)/Preoperative hemoglobin x 100.
¢ Categorized as good when the left ventricular ejection fraction >51 %, as moderately reduced when the fraction was 31-50 %, or as poor when the

fraction <30 %.

4 Classified as mild when pulmonary arterial pressure was 25-34 mmHg, as moderate when pressure was 35-44 mmHg, or as severe when >45

mmHg.

¢ Preoperative hemoglobin was defined as the last available measurement before surgery.
f postoperative nadir hemoglobin was defined as the lowest level measured from ICU admission until day 3 after cardiac surgery.BMI, body mass
index; ASA, American Society of Anesthesiologists; NYHA, New York Heart Association; RBC, red blood cell; PLT, platelet; FFP, fresh frozen plasma.

Table 2
Adverse events after cardiac surgery.

Adverse event All patients (n =

Preoperative anemia’

8186)
No Yes
AHb"<50 % n= AHb>50 % (n = P AHb<30 % (n = AHb>30 % (n = P
5447) 869) 851) 1019)
Ischemic event
Myocardial 12 (0.1) 9 (0.2) 1(0.1) 0.731 1(0.1) 1(0.1) 0.899
infarction
Stroke 26 (0.3) 9(0.2) 7 (0.8) 0.002 3(0.4) 7 (0.7) 0.332
Acute kidney injury 1605 (19.6) 813 (14.9) 290 (33.4) <0.001 172 (20.2) 330 (32.4) <0.001
Stage 1 1180 (14.4) 662 (12.2) 182 (20.9) 123 (14.5) 213 (20.9)
Stage 2 259 (3.2) 109 (2.0) 53 (6.1) 29 (3.4) 68 (6.7)
Stage 3 166 (2.0) 42 (0.8) 55 (6.3) 20 (2.49) 49 (4.8)
In-hospital mortality 109 (1.3) 35 (0.6) 30 (3.5) <0.001 17 (2.0) 27 (2.6) 0.356
The composite 1633 (19.9) 828 (15.2) 293 (33.7) <0.001 179 (21.0) 333 (32.7) <0.001

outcome®

Values are n (%) unless otherwise noted. Categorical variables were compared with the chi-squared or Fisher’s exact test.
@ Preoperative anemia was defined as preoperative hemoglobin <12 g/dL for women or <13 g/dL for men.
> AHb (%) was defined as (Preoperative hemoglobin — Postoperative nadir hemoglobin)/Preoperative hemoglobin x 100.
¢ The composite outcome was defined as any of the following: postoperative new-onset myocardial infarction, stroke, acute kidney injury, death, or

a combination.

For patients with a AHb below 50 %, each 10 % increase in AHb was associated with only a marginal increase in risk (adjusted OR 1.11,
95 % CI 1.00-1.24; P = 0.052). Conversely, for those with a AHb of 50 % or higher, further increases in AHb did not significantly affect
the risk (adjusted OR 1.02 for each 10 % increase in AHb, 95 % CI 0.67-1.55; P = 0.924).

Among patients with preoperative anemia, those with AHb > 30 % were at significantly higher risk of the composite outcome than
those with AHb < 30 % (adjusted OR 1.61, 95 % CI 1.23-2.10; P = 0.001). Furthermore, increases in AHb were associated with a more
pronounced increase in risk if AHb > 30 % (adjusted OR 1.82 for each 10 % of AHDb increase; 95 % CI 1.46-2.26; P < 0.001), but not if
AHb < 30 % (adjusted OR 1.10 for each 10 % of AHb increase; 95 % CI 0.87-1.40; P = 0.415).
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Table 3
Risk of the composite outcome in patients in different quartiles of perioperative hemoglobin decrease (AHb).

Patients without preoperative anemia

Odds ratio (95 % confidence interval)

i 0, i 0,
AHD quartile AHD range (%) Composite outcome, n/N (%) Model 17 Model 2 Model 3¢
Ist <34.4 201/1579 (12.7) 1 (reference) 1 (reference) 1 (reference)
2nd 34.4-40.2 221/1579 (14.0) 1.12 (0.91-1.37) 1.12 (0.90-1.37) 1.07 (0.87-1.33)
3rd 40.3-46.0 266/1579 (16.8) 1.39 (1.14-1.69) 1.32(1.08-1.61) 1.16 (0.94-1.43)
4th >46.0 433/1579 (27.4) 2.59 (2.15-3.12) 2.37 (1.96-2.86) 1.67 (1.35-2.07)
P for trend <0.001 <0.001 <0.001
Patients with preoperative anemia
Ist <23.4 105/468 (22.4) 1 (reference) 1 (reference) 1 (reference)
2nd 23.4-31.2 92/467 (19.7) 0.85 (0.62-1.16) 0.81 (0.58-1.12) 1.00 (0.69-1.45)
3rd 31.3-38.1 125/468 (26.7) 1.26 (0.94-1.70) 1.07 (0.79-1.47) 1.36 (0.93-1.98)
4th >38.1 190/467 (40.7) 2.37 (1.78-3.15) 1.84 (1.36-2.49) 2.10 (1.42-3.12)
P for trend <0.001 <0.001 <0.001

& Model 1 was unadjusted.

> Model 2 was adjusted for sex, age (<65 or > 65 year), and body mass index (<18.5, 18.5-24.9, 25.0-29.9 or > 30.0 kg/m?).

¢ Model 3 was adjusted for sex, age (<65 or >65 year), body mass index (<18.5, 18.5-24.9, 25.0-29.9 or > 30.0 kg/mz), preoperative hemoglobin,
current smoking, ASA classification, comorbidities (see section 3.2 in main text), left ventricular function, type of surgery, cardiopulmonary bypass
duration, and perioperative red blood cell transfusion.

OR (95% Cl)
OR (95% Cl)

T
'
'
'

0
10 20 30 40 50 60 70 80 -10 0 10 20 30 40 50 60 70 80
AHb in patients without preoperative anemia (%) AHb in patients with preoperative anemia (%)

Fig. 2. Spline function plots of the association of perioperative hemoglobin decrease (AHb) with the composite outcome including in-hospital
mortality, myocardial infarction, stroke, and acute kidney injury. The association was assessed in cardiac surgery patients (A) without or (B)
with preoperative anemia. Solid lines indicate odds ratios (ORs), while blue-shaded areas indicate 95 % confidence intervals. Dashed lines indicate
the reference condition. All models were adjusted for sex, age (<65 or > 65 year), body mass index (<18.5, 18.5-24.9, 25.0-29.9 or > 30.0 kg/mz),
current smoking, ASA classification, comorbidities (see section 3.2 of the main text), preoperative hemoglobin level, left ventricular function, type of
surgery, cardiopulmonary bypass duration, and perioperative red blood cell transfusion.

3.4. Associations between preoperative factors and risk of suffering a cut-off AHb value linked to the composite outcome

For patients without preoperative anemia, univariable analysis identified the following as associated with greater risk of suffering
AHb >50 %: age 65 years or older (OR 1.83, 95 % CI 1.52-2.20; P < 0.001), male (OR 1.39, 95 % CI 1.21-1.61; P < 0.001), ASA
classification 4-5 (OR 1.38, 95 % CI 1.04-1.84; P = 0.027), preoperative hemoglobin (OR 1.44, 95 % CI 1.36-1.52; P < 0.001),
multiple comorbidities, undergoing CABG alone (OR 1.99, 95 % CI 1.60-2.48; P < 0.001), or undergoing both valve replacement and
CABG (OR 2.62, 95 % CI 1.73-3.97; P < 0.001). Adjusted multivariable analysis confirmed the following as independently associated
with higher risk of AHb >50 %: age 65 years or older (adjusted OR 1.71, 95 % CI 1.38-2.11; P < 0.001), preoperative hemoglobin
(adjusted OR 1.56, 95 % CI 1.46-1.67; P < 0.001), atrial fibrillation as comorbidity (adjusted OR 1.38, 95 % CI 1.16-1.64, P < 0.001),
undergoing CABG alone (adjusted OR, 2.53; 95 % CI, 1.76-3.63; P < 0.001), and undergoing both valve replacement and CABG
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(adjusted OR 2.76, 95 % CI 1.69-4.53; P < 0.001).

Conversely, among patients without preoperative anemia, the following factors appeared to protect against suffering AHb >50 %:
male (adjusted OR 0.71, 95 % CI 0.56-0.89; P = 0.003), BMI between 18.5 and 24.9 kg/m? (adjusted OR 0.72, 95 % CI 0.53-0.97; P =
0.029), BMI between 25.0 and 29.9 kg/m2 (adjusted OR 0.52, 95 % CI 0.37-0.72; P < 0.001), and BMI >30.0 kg/m2 (adjusted OR 0.48,
95 % CI 0.26-0.89; P < 0.020) (Table S6).

Among patients with preoperative anemia, adjusted multivariable analysis identified the following preoperative factors as asso-
ciated with greater risk of suffering AHb >30 % (Table S7): age 65 years or older (adjusted OR 1.75, 95 % CI 1.28-2.40; P < 0.001),
ASA classification 4-5 (adjusted OR 1.61, 95 % CI 1.06-2.43; P = 0.025), and preoperative hemoglobin (adjusted OR 2.90, 95 % CI
2.56-3.30; P < 0.001).

3.5. Impact of postoperative RBC transfusion on risk of the composite outcome in patients who achieve the cut-off AHb value or not

Among patients without preoperative anemia and with AHb < 50 %, postoperative RBC transfusion did not significantly alter the
risk of the composite outcome, regardless of whether the transfused volume was 0.1-2.0 units (adjusted OR 0.77, 95 % CI 0.59-1.01) or
2.1-4.0 units (adjusted OR 1.21, 95 % CI 0.87-1.67). However, transfusion of 4.1-6.0 units significantly increased the risk of the
composite outcome (adjusted OR 2.49, 95 % CI 1.56-3.96), as did transfusion of >6.0 units (adjusted OR 4.17, 95 % CI 2.49-6.98)
(Table 4). Among patients without preoperative anemia and with AHb > 50 %, transfusion of 0.1-2.0 units significantly decreased the
risk of the composite outcome (adjusted OR 0.42, 95 % CI 0.24-0.74), as did transfusion of 2.1-4.0 units (adjusted OR 0.58, 95 % CI
0.34-0.99). In contrast, transfusion of 4.1-6.0 units did not decrease risk (adjusted OR 1.21, 95 % CI 0.62-2.38), while transfusion of
>6.0 units significantly increased it (adjusted OR 3.25, 95 % CI 1.99-5.30).

Among patients with preoperative anemia and AHb < 30 %, transfusion of 0.1-2.0 units of RBC significantly decreased the risk of
the composite outcome (adjusted OR 0.47, 95 % CI 0.27-0.82), as did transfusion of 2.1-4.0 units (adjusted OR 0.41, 95 % CI
0.20-0.84; Table 5). In contrast, the risk was not altered by transfusion of 4.1-6.0 units (adjusted OR 0.91, 95 % CI 0.43-1.95) or > 6.0
units (adjusted OR 1.99, 95 % CI 0.91-4.35). Among patients with preoperative anemia and AHb > 30 %, transfusion of up to 6.0 units
did not significantly change the risk of the composite outcome, while transfusion of >6.0 units significantly increased it (adjusted OR
1.94, 95 % CI 1.08-3.50).

4. Discussion

It is unclear how the perioperative decrease in hemoglobin influences the balance between the risks and benefits of postoperative
RBC transfusion. Here we provide evidence from a large sample at two major cardiology centers that the relative index of hemoglobin
decrease (AHD), which takes into account preoperative hemoglobin level as well as the postoperative nadir, is positively associated
with the risk of a composite outcome including in-hospital mortality, myocardial infarction, stroke, and acute kidney injury. In our
study, the increased risk of the composite outcome is associated with a 30 % or higher drop in hemoglobin level (AHb) for patients with
pre-operative anemia, whereas it is associated with a 50 % or higher drop for patients without pre-operative anemia. As long as
transfusion volume was not too large, postoperative RBC transfusion protected against the composite outcome in patients with pre-
operative anemia whose AHDb less than 30 % and in patients without preoperative anemia who have a AHb of 50 % or more. Our study
underscores the potential of AHb as a valuable indicator for guiding decisions on the necessity and volume of RBC transfusion

Table 4
Association of postoperative red blood cell transfusion volume with risk of the composite outcome in patients without preoperative anemia, stratified
by perioperative hemoglobin decrease (AHD).

Patients with AHb <50 %

Units transfused (no. Composite outcome n (%) Unadjusted odds ratio (95 % confidence Adjusted odds ratio” (95 % confidence
patients) interval) interval)

0.0 (4224) 613 (14.5) 1 (reference) 1 (reference)
0.1-2.0 (704) 80 (11.4) 0.76 (0.59-0.97) 0.77 (0.59-1.01)
2.1-4.0 (340) 58 (17.1) 1.21 (0.90-1.63) 1.21 (0.87-1.67)
4.1-6.0 (101) 35 (34.7) 3.12 (2.06-4.75) 2.49 (1.56-3.96)
>6.0 (78) 42 (53.8) 6.87 (4.37-10.81) 4.17 (2.49-6.98)
P for trend <0.001 <0.001

Patients with AHb > 50 %

0.0 (368) 139 (37.8) 1 (reference) 1 (reference)
0.1-2.0 (156) 22 (14.1) 0.27 (0.16-0.45) 0.42 (0.24-0.74)
2.1-4.0 (149) 28 (18.8) 0.38 (0.24-0.61) 0.58 (0.34-0.99)
4.1-6.0 (56) 19 (33.9) 0.85 (0.47-1.53) 1.21 (0.62-2.38)
>6.0 (140) 85 (60.7) 2.55 (1.71-3.80) 3.25 (1.99-5.30)
P for trend <0.001 <0.001

@ Adjusted for sex, age (<65, >65 year), body mass index (<18.5, 18.5-24.9, 25.0-29.9 and > 30.0 kg/mz), current smoking, ASA classification,
comorbidities (see section 3.2 in main text), preoperative hemoglobin, postoperative nadir hemoglobin (<7.0, >7.0 g/dL), left ventricular function,
type of surgery, cardiopulmonary bypass duration, and intraoperative red blood cell transfusion.
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Table 5
Association of postoperative red blood cell transfusion volume with risk of the composite outcome in patients with preoperative anemia, stratified by
perioperative hemoglobin decrease (AHb).

Patients with AHb <30 %

Units transfused (no. Composite outcomen (%)  Unadjusted odds ratio (95 % confidence Adjusted odds ratio” (95 % confidence
patients) interval) interval)

0.0 (467) 113 (24.2) 1 (reference) 1 (reference)
0.1-2.0 (187) 22 (11.8) 0.42 (0.26-0.68) 0.47 (0.27-0.82)
2.1-4.0 (104) 11 (10.6) 0.37 (0.19-0.72) 0.41 (0.20-0.84)
4.1-6.0 (52) 14 (26.9) 1.15 (0.60-2.21) 0.91 (0.43-1.95)
>6.0 (41) 19 (46.3) 2.71 (1.41-5.18) 1.99 (0.91-4.35)
P for trend 0.314 0.947

Patients with AHb > 30 %

0.0 (n = 542) 191 (35.2) 1 (reference) 1 (reference)
0.1-2.0 (n = 174) 40 (23.0) 0.55 (0.37-0.81) 0.91 (0.58-1.41)
2.1-4.0 (n = 149) 35 (23.5) 0.56 (0.37-0.86) 0.71 (0.44-1.15)
4.1-6.0 (n = 83) 30 (36.1) 1.04 (0.64-1.68) 1.10 (0.64-1.91)
>6.0(n=71) 37 (52.1) 2.00 (1.22-3.29) 1.94 (1.08-3.50)
P for trend 0.137 0.102

@ Adjusted for sex, age (<65, >65 year), body mass index (<18.5, 18.5-24.9, 25.0-29.9 and > 30.0 kg/mz), current smoking, ASA classification,
comorbidities (see section 3.2 in main text), preoperative hemoglobin, postoperative nadir hemoglobin (<7.0, >7.0 g/dL), left ventricular function,
type of surgery, cardiopulmonary bypass duration, and intraoperative red blood cell transfusion.

following cardiac surgery.

Current guidelines for managing patients undergoing cardiac surgery usually recommend a restrictive transfusion strategy based on
an absolute transfusion trigger of 7-8 g/dL [11-13,29,30]. However, the minimum hemoglobin level that patients with normal
preoperative hemoglobin level can safely tolerate appears not to be a fixed value, but instead to depend on preoperative hemoglobin
level [15,16]. Consistent with those studies, we found that patients without preoperative anemia experiencing a AHb of 50 % or more
were at greater risk of the composite outcome, even though the previous studies relied on intraoperative nadir hemoglobin level relative
to preoperative level. We focused instead on postoperative nadir hemoglobin level relative to the preoperative level because studies
from our group and others have found that patients after cardiac surgery, especially those in the ICU, are more likely to require
transfusion of substantial volumes of blood resources [7,31,32]. Our work suggests that defining AHb as the difference between
preoperative and postoperative nadir can inform decisions about when to perform postoperative RBC transfusion and the number of
units to transfuse.

Anemia is a common condition among patients undergoing cardiac surgery [1,33,34]. Notably, earlier studies focusing on relative
hemoglobin indices excluded patients with preexisting anemia [15,16]. We found that such anemia reduced, from 50 % to 30 %, the
cut-off AHb at which the risk of the composite outcome was elevated. These results indicate that preoperative anemia should be taken
into account when deciding whether and how many units of RBC to administer. Moreover, our analysis revealed that patients with
preoperative anemia who experienced a AHb of 30 % maintained higher hemoglobin level compared to those without preoperative
anemia at a AHD of 50 %. These findings reinforce the idea that the lowest hemoglobin level that cardiac patients can safely tolerate
depends on their preoperative level.

We examined whether certain preoperative factors might be associated with whether a patient suffered or not a cut-off value of
AHD linked to an elevated risk of the composite outcome. If we could identify preoperative risk factors for dangerous AHb, it might
help clinicians discover patients at high risk of hemoglobin decrease and implement perioperative blood transfusion management as
early as possible, which may help reduce the need for RBC transfusion and improve prognosis. For patients without preoperative
anemia, we identified the following preoperative risk factors: age 65 years or older, preoperative hemoglobin, comorbidity of atrial
fibrillation, undergoing CABG alone or undergoing valve replacement, and CABG. Protective factors were male and higher BMIL
Among patients with preoperative anemia, preoperative risk factors were age 65 years or older, ASA classification 4-5, and preop-
erative hemoglobin. These results should be verified and extended in other patient populations, which may lead to revision of
guidelines on transfusion and management of cardiac surgery patients.

The impact of postoperative RBC transfusion on the composite outcome in our study depended on the volume transfused: up to a
certain number of units, transfusion reduced the risk of the composite outcome, but transfusion of too many units increased the risk,
consistent with the dose-dependent risk of mortality and severe morbidity in other studies of cardiac surgery patients receiving more
than four units of RBC [4,35-37]. In the absence of preoperative anemia, the impact of postoperative RBC transfusion on the composite
outcome also depended on AHb. Our findings suggest that the risks of postoperative RBC transfusion outweigh the benefits for cardiac
surgery patients without preexisting anemia whose AHDb is below 50 %. On the other hand, transfusion of up to four units of RBC may
benefit patients without preexisting anemia whose AHD is 50 % or higher.

In the case of patients with preoperative anemia, our results indicate that postoperative RBC transfusion of up to four units may
reduce the risk of the composite outcome, while transfusion of beyond six units increases the risk, regardless of AHb. This finding
suggests that the influence of transfusion on outcomes in anemic patients may not vary with AHb. Before integrating these obser-
vations into clinical practice, further validation in diverse patient cohorts is essential.
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Our study has several key strengths, including its large, multi-site sample, and the use of data detailed enough to take into account
an extensive array of potential confounders. Importantly, this study is pioneering in its analysis of the association between AHb and
composite adverse outcomes specifically in patients with preoperative anemia undergoing cardiac surgery, filling a critical gap in the
existing literature.

At the same time, our study presents several limitations. We defined preoperative hemoglobin as the baseline hemoglobin level,
which might have biased our assessment of the association between AHb and the composite outcome. Analogously, we cannot be
certain that the postoperative nadir hemoglobin that we measured was the true nadir. Nevertheless, our nadir values should be
relatively reliable because nadir levels occur in most patients within a few days after cardiac surgery [23,24] and the two heart centers
applied the same hemoglobin measurement protocol to best capture the “correct” postoperative nadir Hb. Furthermore, despite our
efforts to adjust for multiple confounders, the potential for residual confounding cannot be completely ruled out. Also, given the
retrospective observational nature of our study, we cannot establish causality. Consequently, the findings should be interpreted with
caution and ideally confirmed through future prospective studies to further explore these relationships.

5. Conclusions

In summary, this large retrospective, observational study suggests that a AHb of 30 % or greater in the presence of preoperative
anemia or 50 % or greater in its absence is associated with a significantly higher risk of a composite of anemia-related outcomes. These
findings indicate that the magnitude of AHb may potentially influence the balance between benefits and risks of postoperative RBC

transfusion. It is recommended that future randomized trials explore the efficacy of absolute transfusion triggers versus relative ones
such as AHD to better guide RBC transfusion in cardiac surgery patients.
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