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Preoperative anemia is linked to adverse
outcomes after cardiac surgery, such as acute
kidney injury (AKI)
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BACKGROUND: Preoperative anemia is associated with adverse outcomes in cardiac surgery,
yet it remains unclear what proportion of this association is mediated through red blood cell
(RBC) transfusions.

METHODS: This is a historical observational cohort study of adults undergoing coronary artery
bypass grafting or valve surgery on cardiopulmonary bypass at an academic medical center
between May 1, 2008, and May 1, 2018. A mediation analysis framework was used to evalu-
ate the associations between preoperative anemia and postoperative outcomes, including a
primary outcome of acute kidney injury (AKI). Intraoperative RBC transfusions were evaluated
as mediators of preoperative anemia and outcome relationships. The estimated total effect,
average direct effect of preoperative anemia, and percent of the total effect mediated through
transfusions are presented with 95% confidence intervals and P-values.

RESULTS: A total of 4117 patients were included, including 1234 (30%) with preoperative
anemia. Overall, 437 of 4117 (11%) patients went on to develop AKI, with a greater propor-
tion of patients having preoperative anemia (219 of 1234 [18%] vs 218 of 2883 [8%]). In
multivariable analyses, the presence of preoperative anemia was associated with increased
postoperative AKI (6.4% [4.2%—8.7%] absolute difference in percent with AKI, P < .001), with
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incremental decreases in preoperative hemoglobin concentrations displaying greater AKI risk
(eg, 11.9% [6.9%—17.5%] absolute increase in probability of AKI for preoperative hemoglobin of
9 g/dL compared to a reference of 14 g/dL, P < .001). The association between preoperative
anemia and postoperative AKI was primarily due to direct effects of preoperative anemia (5.9%
[3.6%—-8.3%] absolute difference, P < .001) rather than mediated through intraoperative RBC
transfusions (7.5% [-4.3% to 21.1%] of the total effect mediated by transfusions, P = .220).
Preoperative anemia was also associated with longer hospital durations (1.07 [1.05-1.10] ratio
of geometric mean length of stay, P < .001). Of this total effect, 38% (22%, 62%; P < .001) was
estimated to be mediated through subsequent intraoperative RBC transfusion. Preoperative
anemia was not associated with reoperation or vascular complications.

CONCLUSIONS: Preoperative anemia was associated with higher odds of AKI and longer hospi-
talizations in cardiac surgery. The attributable effects of anemia and transfusion on postopera-
tive complications are likely to differ across outcomes. Future studies are necessary to further
evaluate mechanisms of anemia-associated postoperative organ injury and treatment strate-

gies. (Anesth Analg 2024;XXX:00-00)

KEY POINTS

Question: How much of the association of preoperative anemia and adverse outcomes in
cardiac surgery is mediated through red blood cell (RBC) transfusion exposures?

- Findings: The association between preoperative anemia and acute kidney injury (AKI) is
largely related to direct effects of anemia rather than mediated through transfusions, while
the association between preoperative anemia and prolonged hospitalizations is both a direct
effect of anemia and mediated through transfusions.

- Meaning: Preoperative anemia is associated with adverse outcomes in cardiac surgery,
which are not wholly attributable to effects of transfusion.

outcomes after cardiac surgery, including acute

kidney injury (AKI), increased hospital lengths
of stay, and perioperative red blood cell (RBC) trans-
fusion.'? There are several mechanisms by which
preoperative anemia may predispose patients to
perioperative organ injuries such as AKI, including
impaired oxygen delivery and subsequent anemia-
induced tissue ischemia, alterations in iron homeosta-
sis in those with absolute or functional iron deficiency,
and inflammation-induced injury secondary to eleva-
tions in proinflammatory cytokines in anemias of
inflammation, which may be exacerbated by the
inflammatory insult of cardiopulmonary bypass.
Further, preoperative anemia is often accompanied by
chronic illness and may therefore serve as a marker for
predisposition for perioperative organ dysfunction.’?
Finally, preoperative anemia is a leading risk factor
for perioperative RBC transfusion, which in turn is
associated with adverse clinical outcomes.>*” To this
end, the management of preoperative anemia before
cardiac surgery has been shown to decrease transfu-
sion exposures,®’ which in turn may have favorable
effects on postoperative outcomes.

While there is an abundance of literature assessing
the associations between preoperative anemia and
RBC transfusion and/or adverse outcomes in cardiac
surgery, our understanding of the potential contribu-
tions of preoperative anemia and RBC transfusion
to outcomes is limited.' Specifically, it is unclear if
the associations between preoperative anemia and

Preoperative anemia is associated with adverse
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postoperative complications such as AKI are direct
effects of anemia, mediated through subsequent peri-
operative RBC transfusion exposures, or both.!12
Alternatively, it is possible that the relationship
between preoperative anemia and AKI is causally
unrelated to the effects of anemia and/or transfu-
sion. Assuming the presence of preoperative anemia
and outcome relationships that are primarily medi-
ated through transfusion exposures, then transfusion
reductions should be considered a principal metric
of preoperative anemia management programs and
other patient blood management (PBM) initiatives in
cardiac surgery. However, if preoperative anemia and
outcome relationships occur independent of trans-
fusion exposures, then preoperative optimization of
hemoglobin concentrations in cardiac surgery may
translate to clinical benefit irrespective of perceived
effects on perioperative transfusion utilization.

In this investigation, we assessed the associations
between preoperative anemia and postoperative out-
comes in patients undergoing cardiac surgery, with
emphasis on the potential mediation of these relation-
ships by RBC transfusion exposures. In doing so, we
hoped this study would shed light on the proportion of
preoperative anemia and adverse outcome relationships
that may be occurring through transfusion exposures.

METHODS

This is a retrospective cohort study performed under
the appropriate approvals of the local Institutional
Review Board (Mayo Clinic) with waived requirement
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for written informed consent. Study design and
conduct were performed in accordance with the
Strengthening the Reporting of Observational Studies
in Epidemiology guidelines.’

The following inclusion criteria were used: adults
218 years of age, undergoing elective cardiac surgery
with cardiopulmonary bypass between May 1, 2008,
and May 1, 2018, at a large academic medical center, and
procedures limited to isolated coronary artery bypass
grafting (CABG) of any number of bypasses and single-
or double-valve surgeries involving the mitral, tricus-
pid, and/or aortic valves, as previously described.!
Patients also undergoing minor secondary procedures
such as patent foramen ovale closure, Maze procedures,
and left atrial appendage ligation contemporaneously
with the primary procedure were eligible for inclu-
sion. Patients were excluded for the following reasons:
nonqualifying cardiac procedures (ie, off-pump proce-
dures, robotic procedures, combined CABG and valve
surgeries, pulmonary valve procedures), preoperative
use of mechanical circulatory support (ie, ventricular
assist devices, intra-aortic balloon pumps, extracor-
poreal membrane oxygenation), American Society of
Anesthesiologists (ASA) physical status VI, previous
denial of authorization for medical record use in obser-
vational research, and previous inclusion in the study,
such that patients could only be included once.

The primary exposure of interest was preoperative
anemia, which was defined using the closest hemo-
globin concentration obtained in the 30 days preced-
ing surgery. Anemia was defined in accordance with
World Health Organization (WHO) criteria, as hemo-
globin concentration <12 g/dL in women and <13 g/
dL in men. Preoperative hemoglobin concentration,
assessed in continuous fashion, was used as a second-
ary exposure of interest. Intraoperative allogeneic RBC
transfusion volume measured in units was evaluated
as a potential mediator of the association between
preoperative anemia and outcome relationships

Confounding Variables

Transfusion

Preoperative Anemia = AKI

Figure. Directed acyclic graph showing the proposed relationships
among preoperative anemia, transfusion, and acute kidney injury.
Preoperative anemia, or preoperative hemoglobin concentrations,
may have direct effects on AKI, or these effects may be mediated
through transfusion exposures. Further, a variety of factors may con-
found the relationships between preoperative anemia, transfusion,
and outcomes (eg, patient age, laboratory values, type of surgery).
AKI indicates acute kidney injury.
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(primarily) and preoperative hemoglobin and out-
come relationships (secondarily). During the study
period, institutional guidelines recommended intra-
operative RBC transfusion for hemoglobin <8 g/dL
during cardiac surgery or at any hemoglobin con-
centration in presence of rapid bleeding and hemo-
dynamic instability. All perioperative characteristics,
including transfusions, laboratory values, surgical
characteristics, baseline clinical features, and outcomes
were extracted from routinely validated institutional
databases, including the Perioperative Data Mart and
the Advanced Cohort Explorer (Mayo Clinic).

The primary outcome of interest was postoperative
AKI in accordance with Kidney Disease Improving
Global Outcomes (KDIGO) creatinine criteria, which
is presented in binary fashion (ie, presence or absence
of AKI) and in accordance with AKI stages (ie, 1-3,
with ascending severity). Secondary outcomes
included: hospital length of stay, hospital mortality,
reoperation within 7 days, and postoperative vascular
complications within 7 days, which was a composite
of pulmonary embolism, stroke, or myocardial infarc-
tion, as defined previously.'

Statistical Analyses

The proposed relationships between exposure, medi-
ator, confounding variables, and outcomes are pro-
vided in a directed acyclic graph (Figure). Patient and
surgical characteristics, intraoperative RBC transfu-
sions, and postoperative outcomes are summarized as
median (25th percentile, 75th percentile) for continu-
ous variables and frequency (percentage) for categori-
cal variables according to preoperative anemia status
(Tables 1 and 2). Absolute standardized differences
are presented for comparison.

Before mediation analysis, univariable and multi-
variable generalized linear models were used to assess
associations between exposure and mediator, expo-
sure and outcome, as well as mediator and outcome.
Logistic regression was used for categorical outcomes
and estimates represent odds ratios (ORs). Poisson
regression was used for intraoperative RBCS (ie, the
primary potential mediator) and estimates represent
rate ratios (ie, ratio of mean counts). To satisfy distri-
butional assumptions, hospital length of stay was log-
transformed and estimates for association from linear
regression assumed normally distributed residuals.
As there were very few deaths in the cohort (0.2%),
death was not included as a competing risk for length
of stay, nor was hospital mortality included as a sec-
ondary outcome in mediation analyses. All multivari-
able models included the same covariates which were
selected a priori and included age, sex, body mass
index (BMI), smoking status, preoperative creatinine,
preoperative platelet count, Charlson comorbidity
index, kidney disease, diabetes with complications,
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Table 1. Patient and Surgical Characteristics According to Preoperative Anemia Status?

Preoperative anemia

(N = 1234)

Patient characteristics

Age, y 72 (64, 79)
Sex

Female 438 (35%)

Male 796 (65%)
BMI, kg/m? 28.5 (25.3, 32.7)
Smoking history

Current 96 (8%)
Former 554 (45%)
Never 584 (47%)

Preoperative lab values
Hemoglobin, g/dL

11.5 (10.7, 12.1)

No preoperative anemia

Absolute standardized

Creatinine, mg/dL 1.1 (0.9, 1.5)
Platelet count, x 10°/L 206 (165, 263)
Comorbidities
Charlson score 6 (4,8)
Kidney disease 376 (30%)
Diabetes with complications 148 (12%)
Hypertension 889 (72%)
Surgical characteristics
Valve surgery 837 (68%)
CPB duration, min 84 (62, 111)
Total intraoperative RBCs, units
None 472 (38%)
1-2 460 (37%)
3-4 228 (18%)
5+ 74 (6%)

(N = 2883) difference
69 (59, 76) 0.31
0.23
1349 (47%)
1534 (53%)
28.2 (24.7, 32.4) 0.08
246 (9%) 0.03
1083 (38%) 0.15
1554 (54%) 0.13
13.8 (13.2, 14.5) 2.43
1.0 (0.8,1.1) 0.45
209 (176, 248) 0.07
4 (3, 6) 0.67
232 (8%) 0.59
116 (4%) 0.30
1759 (61%) 0.24
2043 (71%) 0.07
78 (55, 102) 0.19
0.74
2220 (77%)
497 (17%)
133 (5%)
33 (1%)

Abbreviations: BMI, body mass index; CPB, cardiopulmonary bypass; RBC, red blood cell.
aContinuous and categorical variables are presented as median (25th percentile, 75th percentile) and frequency (percentage), respectively.

hypertension, surgery type (ie, CABG versus valve),
and total cardiopulmonary bypass time as a marker
for surgical complexity.

The mediation analysis estimated the total and
direct effects of exposure (eg, preoperative ane-
mia) on outcome (eg, postoperative AKI) as well as
the mediation effect and proportion of total effect
mediated by the proposed mediator (intraoperative
RBC transfusion)."* This approach uses a potential
outcomes framework implemented in the R media-
tion package.’>'® In brief, each patient has 2 poten-
tial values for the mediator (RBC transfusions): 1

Table 2. Unadjusted Outcomes by Preoperative

Anemia Status?

Preoperative anemia No anemia

(N =1234) (N = 2883)
Acute kidney injury 219 (17.7%) 218 (7.6%)
AKI stage
No AKI 1015 (82.3%) 2665 (92.4%)
Stage 1 134 (10.9%) 159 (5.5%)
Stage 2 52 (4.2%) 46 (1.6%)
Stage 3 33 (2.7%) 13 (0.5%)
Hospital length of stay, d 6.7 (5.7, 8.5) 5.8 (4.9, 7.5)
Reoperation within 7 d 232 (18.8%) 437 (15.2%)
Vascular complications 67 (5.4%) 99 (3.4%)
Hospital mortality 4 (0.3%) 4 (0.1%)

Abbreviation: AKI, acute kidney injury.

aContinuous and categorical outcomes are presented as median (25th
percentile, 75th percentile) and frequency (percentage), respectively.
Vascular complications include stroke, myocardial infarction, and pulmonary
embolism.
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potential observation if the patient is anemic and 1 if
not anemic. We observe 1 value of the mediator cor-
responding to observed anemic status. The other is
unobserved but exists as a conceptual value of what
could have happened (RBC transfusions) had the
patient had a different anemia status than observed.
Similarly, there are potential values of the outcome
(AKI) based on anemia and RBC transfusions.!” The
mediation effect is obtained by estimating the differ-
ence in potential outcomes when patients are treated
with RBCs as if anemic versus treated with RBCs as if
nonanemic. The direct effect is obtained by estimating
the difference in potential outcomes as if anemic and
as if nonanemic while holding RBCs constant. The
total effect reflects the overall relationship between
exposure and outcome —ie, controlling for confound-
ing but ignoring any mediator variables of interest.
This can be partitioned into the portion of the rela-
tionship that goes through the mediator (mediation
effect, reported as a percentage of the total effect)
and the portion that does not go through the media-
tor (direct effect); that is, the total effect is the sum of
mediated and direct effects, subject to rounding error.
Further discussion of mediation analysis is available
in previous work.*

In our mediation analysis, first, a multivariable gen-
eralized linear model was used to estimate the exposure-
mediator relationship (ie, the exposure and covariates
described above were included on the right-hand side
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of the equation). Also, a multivariable generalized lin-
ear model was then used to estimate both the exposure-
outcome direct effect and the mediator-outcome
relationship (ie, the exposure, mediator, and covariates
described above were included on the right-hand side
of the equation). We assumed no exposure-mediator
interaction. Models in the mediation analysis were
fit as described above except in categorical outcomes
for which associations were estimated using probit
regression given compatibility with existing software.
These models were then combined using the potential
outcomes methodology as previously outlined.!® For
categorical outcomes, results are presented as the abso-
lute increase in probability for the given event associ-
ated with preoperative anemia. For hospital length of
stay, results represent the estimated ratio of geometric
mean hospital lengths of stay. Preoperative hemoglo-
bin quantified as g/dL <14 was evaluated separately as
an exposure in mediation analysis and results are pre-
sented by preoperative hemoglobin value compared to
the referent value of 14 g/dL.

In a predefined interaction analysis, mediation
analysis was used to assess the relationship between
preoperative anemia and outcomes according to sex.
Results were presented according to sex when evi-
dence of any potentially meaningful interaction (P
< .1) was found in the total, average direct, or aver-
age mediation effect. In post hoc analysis, interaction
between age expressed as a continuous, linear effect
and preoperative anemia and outcome associations
was also assessed. As a predefined secondary analy-
sis, we evaluated the lowest intraoperative hemoglo-
bin, measured in g/dL <14, as a potential mediator
of preoperative anemia and outcome relationships.
This secondary analysis was done as described above,
with the association between preoperative hemoglo-
bin and lowest intraoperative hemoglobin (exposure-
mediator) modeled with multivariable linear
regression assuming normally distributed residuals.
As an additional post hoc sensitivity analysis, we
repeated the primary analysis defining preoperative
anemia as hemoglobin <13 g/dL.

No a priori power analysis was performed for this
investigation utilizing an existing cohort of cardiac
surgery patients at risk for anemia and AKI, as pre-
viously described.! With 4117 patients, we had 90%
power in a Poisson regression model with 2-sided
o = .05, to detect a rate ratio of 1.13 intraoperative
RBC units associated with preoperative anemia. This
assumes a 30% prevalence of anemia and that the
mean rate of RBC transfusions overall was 0.79. We
also had 90% power in a logistic regression model for
the outcome of AKI with 2-tailed a = .05, to detect an
OR of 1.12 per RBC unit. This assumes AKI preva-
lence is 10.6% and the distribution of RBCs has stan-
dard deviation of 1.43. Two-tailed P < 0.05 were used
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to determine statistical significance. No adjustment
for multiple comparisons was performed given speci-
fication of a single primary outcome with a single
exposure and mediator of interest. Additional second-
ary outcomes were considered without adjustment
for multiple comparisons, and as such, these results
should not be considered confirmatory. Statistical
analyses were performed with R version 3.6.2 (R
Foundation for Statistical Computing).

RESULTS

A total of 4117 patients were included, including 1234
(30%) with preoperative anemia (Supplemental Digital
Content, Supplemental Figure 1, http://links.lww.
com/AA/E593). Patients with preoperative anemia
were older (median 72 [64-79] vs 69 [59-76] years), more
likely male (65% vs 53%), and had higher Charlson
comorbidity indices (6 [4-8] vs 4 [3-6]) than those with-
out anemia (Table 1). Further, patients with preoperative
anemia had greater intraoperative (62% vs 23%) and
perioperative (80% vs 40%) RBC transfusion exposure.

In unadjusted analyses, patients with preoperative
anemia had higher rates of postoperative AKI (17.7%
vs 7.6%), and greater severity of AKI (Table 2), with an
OR of 2.64 (2.16-3.22), P < .001 (Table 3). Those with
preoperative anemia also experienced longer hospital
stays (6.7 [5.7-8.5] vs 5.8 [4.9-7.5] days), more return
trips to the OR (18.8% vs 15.2%), and greater com-
posite postoperative vascular complications (5.4%
vs 3.4%). Mortality was low in both groups (0.3% vs
0.1%). The primary exposure (ie, preoperative ane-
mia) was associated with the mediator (ie, intraop-
erative RBC transfusion) in multivariable analysis
(OR 3.11 [2.88-3.35], P < .001), and both preoperative
anemia and intraoperative RBCs were associated with
AKI and hospital length of stay (Table 3).

In mediation analyses, the presence of preoperative
anemia was associated with increased postoperative
AKI (6.4% [4.2%—-8.7%] absolute increase in prob-
ability of AKI, P < .001; Table 4). Further, incremental
decreases in preoperative hemoglobin concentrations
were associated with increasing risk for postopera-
tive AKI (eg, 11.9% [6.9%—17.5%] absolute increase in
probability of AKI for preoperative hemoglobin of 9
g/dL compared to a reference of 14 g/dL, P < .001).
The association between preoperative anemia and
postoperative AKI was primarily due to direct effects
of preoperative anemia (5.9% [3.6%-8.3%] absolute
increase in probability, P < .001) rather than mediated
through intraoperative RBC transfusions (7.5% [-4.3%
to 21.1%] of the total effect mediated through transfu-
sions, P = .220). Similarly, the presence of preoperative
anemia was associated with longer hospitalizations
(1.07 [1.05-1.10] ratio of geometric means, P <.001). Of
this total effect, 37.9% (22.4%—61.6%) was estimated to
be mediated through subsequent intraoperative RBC
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Table 3. Summary of Exposure-Mediator, Mediator-Outcome, and Exposure-Outcome Relationships

Estimated From Univariable and Multivariable Regression?

Mediator

Exposure

Intraoperative RBCs

Estimate (95% Cl) P-value
Univariable analyses
Mediator
Intraoperative RBCs NA
Outcome
AKI 1.14 (1.07-1.21) <.001
Hospital length of stay 1.06 (1.05-1.06) <.001
Reoperation 1.12 (1.06-1.18) <.001
Vascular complications 1.06 (0.96-1.17) 222
Multivariable analysis
Mediator
Intraoperative RBCs NA
Outcome
AKI 1.04 (0.97-1.12) .229
Hospital length of stay 1.03 (1.02-1.04) <.001
Reoperation 1.06 (1.00-1.13) .044
Vascular complications 0.99 (0.88-1.12) .886

Preoperative anemia

Preoperative hemoglobin

Estimate (95% ClI) P-value Estimate (95% CI) P-value
3.45 (3.21-3.70) <.001 1.61 (1.58-1.65) <.001
2.64 (2.16-3.22) <.001 1.26 (1.17-1.35) <.001
1.13 (1.11-1.16) <.001 1.05 (1.05-1.06) <.001
1.30 (1.09-1.54) .004 1.10 (1.04-1.18) .002
1.62 (1.18-2.22) .003 1.14 (1.02-1.28) .025
3.11 (2.88-3.35) <.001 1.57 (1.53-1.60) <.001
1.99 (1.58-2.50) <.001 1.24 (1.14-1.34) <.001
1.07 (1.05-1.10) <.001 1.03 (1.02-1.04) <.001
1.14 (0.94-1.38) .183 1.05 (0.98-1.13) A72
1.24 (0.87-1.77) 232 1.07 (0.94-1.22) .314

Abbreviations: AKI, acute kidney injury; Cl, confidence interval; NA, not applicable; RBCs, red blood cells.

aResults are from univariable and multivariable models assessing the association between the given mediator/exposures (columns) and the given mediator/
outcomes (rows). Intraoperative RBCs was modeled with Poisson regression and estimates are rate ratios associated with preoperative anemia (<12 g/dL in
women; <13 g/dL in men) or 1 g/dL decrease in preoperative hemoglobin <14 g/dL. AKI, reoperation, and vascular complications were modeled with logistic
regression and estimates are odds ratios. Hospital length of stay was modeled with linear regression on the log scale and estimates are for the ratio of geometric
means. All multivariable models are adjusted for age, sex, BMI, smoking status, preoperative creatinine, preoperative platelet count, Charlson comorbidity
index, kidney disease, diabetes with complications, hypertension, surgery type (ie, CABG versus valve), and total cardiopulmonary bypass time as a marker for
surgical complexity. Multivariable models in the mediator column include adjustment for preoperative anemia. Models in the exposure columns do not include

the mediator variable (ie, intraoperative RBCs).

transfusion. Hospital length of stay increased with
incremental decreases in preoperative hemoglobin
concentrations (eg, 1.18 [1.12-1.24] ratio of geometric
mean length of stay for preoperative hemoglobin of 9
g/dLcompared to 14 g/dL, P <.001). Preoperative ane-
mia was not associated with reoperation (1.8% [-0.8%
to 4.6%] absolute increase in probability; P = .185) or
vascular complications (0.9% [-0.6% to 2.5%] absolute
increase in probability; P = .254) in adjusted analyses.
Results were consistent with the primary analyses
when defining preoperative anemia as hemoglobin
<13 g/dL for both men and women (Supplemental
Digital Content, Supplemental Table 1, http://links.
Ilww.com/AA/E593).

In interaction analyses, there were no significant
interactions of sex on the associations between pre-
operative anemia and postoperative AKI (direct effect
interaction P = .560), hospital length of stay (P = .464),
or vascular complications (P = .757). The total, direct,
and mediated effects of preoperative anemia and post-
operative AKI associations are displayed separately
for men and women (Supplemental Digital Content,
Supplemental Table 2, http://links.lww.com/AA/
E593), with higher rates of AKI in the presence of
preoperative anemia in both men and women. These
associations were primarily driven by direct effects
of anemia rather than mediated through transfusion
exposures. There was a significant interaction of sex
with preoperative anemia and reoperation relation-
ships (P = .015). In women, the presence of preopera-
tive anemia was associated with a 6.1% (1.8%-10.5%)
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absolute increase in the probability of reoperation (P
= .005), while there was no significant relationship
between preoperative anemia and reoperation in men
(=1.0% [-4.2% to 2.4%], P = .534; Supplemental Digital
Content, Supplemental Table 3, http://links.lww.
com/AA/E593). Like AKI, the association between
preoperative anemia and reoperation was primar-
ily driven by direct effects of anemia. There were
no significant interactions of age on the associations
between preoperative anemia and postoperative AKI
(direct effect interaction P = .731), hospital length of
stay (P = .992), or vascular complications (P = .127).
While there was no evidence of a total effect of anemia
on reoperation in older patients (0.1% [-2.8% to 3.1%)],
P = 959 at age 75 [third quartile of age distribution])
there was a significant increase in probability of reop-
eration associated with anemia in younger patients
(total effect 4.9% [1.7%-8.2%], P = .003; direct effect
4.1% [0.8%—-7.4%], P = .012 at age 60 [first quartile of
age distribution]; direct effect interaction P = .027).

In secondary analyses evaluating potential media-
tion of preoperative anemia and outcome relationships
by the lowest intraoperative hemoglobin concentra-
tion, the association between preoperative anemia
and AKI was primarily a direct effect of preopera-
tive hemoglobin rather than mediated through nadir
intraoperative hemoglobin (Supplemental Digital
Content, Supplemental Table 4, http://links.lww.
com/AA/E593). Similarly, the association between
preoperative anemia and hospital length of stay was
primarily a direct effect of preoperative hemoglobin
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RBC Transfusions?

Table 4. Estimated Association Between Preoperative Anemia (Primary Exposure), Preoperative
emoglobin, and Primary and Secondary Outcomes Accounting for Effect Mediated By Total Intraoperative

Total effect Percent mediated Direct effect
Est. (95% CI) P-value Est. (95% CI) P-value Est. (95% CI) P-value

Acute kidney injury

Preoperative anemia 6.4 (4.2-8.7) <.001 7.5 (-4.3t0 21.1) .220 5.9 (3.6-8.3) <.001
Preoperative hemoglobin

14 g/dL Referent - Referent - Referent -

13 g/dL 1.7 (1.0-2.3) <.001 4.1 (-4.6 to 18.0) 218 1.6 (0.9-2.3) <.001

12 g/dL 3.6 (2.2-5.1) <.001 5.1 (-5.9t0 21.2) .391 3.4 (1.8-5.0) <.001

11 g/dL 5.9 (3.5-8.4) <.001 6.3 (-8.1 to 25.4) .390 5.5 (2.9-8.3) <.001

10 g/dL 8.6 (5.1-12.3) <.001 8.9 (-10.8 to 32.1) .368 7.9 (4.1-11.8) <.001

9 g/dL 11.9 (6.9-17.5) <.001 11.2 (-14.3 to 38.6) .378 10.5 (5.3-16.0) <.001
Hospital length of stay

Preoperative anemia 1.07 (1.05-1.10) <.001 37.9 (22.4-61.6) <.001 1.04 (1.02-1.07) <.001
Preoperative hemoglobin

14 g/dL Referent - Referent - Referent -

13 g/dL 1.02 (1.01-1.03) <.001 24.9 (11.9-57.9) <.001 1.02 (1.00-1.03) .006

12 g/dL 1.05 (1.03-1.07) <.001 30.1 (15.2-63.8) <.001 1.03 (1.01-1.06) .003

11 g/dL 1.08 (1.05-1.11) <.001 36.0 (19.2-69.8) <.001 1.05 (1.01-1.09) .004

10 g/dL 1.12 (1.07-1.17) <.001 42.3 (23.2-74.8) <.001 1.07 (1.02-1.12) .006

9g/dL 1.18 (1.12-1.24) <.001 49.6 (28.7-79.9) <.001 1.09 (1.02-1.15) .004

Abbreviations: Cl, confidence interval; RBCs, red blood cells.

aResults are from mediation analyses assessing the associations between preoperative anemia/hemoglobin, intraoperative RBC transfusions, and outcomes.
The total effect reflects the overall relationship between exposure (eg, preoperative anemia) and outcome (eg, postoperative acute kidney injury). This can be
partitioned into the portion of the relationship that goes through the mediator (intraoperative RBC transfusion; mediation effect, reported as percentage of total
effect) and the portion that does not go through the mediator (direct effect); that is, the total effect is the sum of mediated effect (not shown, rather reported as
percentage of total effect) and direct effects subject to rounding error. “Percent Mediated” describes the size of the average causal mediation effects relative
to the total effect and, despite being labeled “Percent” the value does not have to be between 0 and 100. Percent mediated values <0% indicate the estimated
direct effect is greater than the total effect so that mediation is “negative.” Percent mediated values greater than 0% indicate the estimated direct effect is less
than the total effect (hypothesized in this study). Percent mediated values can also be >100% indicating that the direct and mediated effects are in opposing
directions so that the mediated effect is greater than the total effect. Preoperative hemoglobin was parameterized as g/dL <14, with all values >14 defined as
0 g/dL <14. For acute kidney injury, estimates are for the absolute percentage increase in probability of event associated with the given exposure. For hospital
length of stay, estimates are for the ratios of geometric mean hospital lengths of stay.

with only modest mediation through the nadir hemo-
globin concentration.

DISCUSSION

In adults undergoing elective valve replacement or
CABG, preoperative anemia was associated with
increased rates of AKI and longer hospitalizations.
The association between preoperative anemia and
AKI was primarily mediated through direct effects
of preoperative hemoglobin concentrations rather
than mediated through RBC transfusion exposures.
However, the association between preoperative ane-
mia and prolonged hospitalization was both a direct
effect of preoperative hemoglobin and mediated
through transfusion exposures. These relationships
were consistent in women and men. Additionally, in
women but not men, preoperative anemia was asso-
ciated with higher reoperation rates, which was pri-
marily a direct effect of preoperative anemia rather
than mediated through transfusion exposures.
Similarly, in younger (ie, age 60) but not older adults
(ie, age 75) preoperative anemia was associated with
higher reoperation rates, with minimal mediation
through transfusions. These findings suggest that
preoperative anemia and outcome relationships in
cardiac surgery are not uniformly attributable to the
effects of anemia and/or transfusion. Rather, the

XXX 2024 o Volume XXX ¢ Number 00

attributable effects of anemia and transfusion are
likely to differ across outcomes. As demonstrated
in this study, preoperative hemoglobin concentra-
tions were the prominent driver of the association
between preoperative anemia and AKI, while both
preoperative anemia and transfusion exposures con-
tributed to prolonged hospitalization associations.
Previous studies have demonstrated that preop-
erative anemia is associated with adverse effects in
cardiac surgery.!?>1%1° Similarly, numerous studies
have demonstrated inferior outcomes in those with
perioperative  RBC transfusion exposures.*67102021
However, there is limited evidence evaluating the rel-
ative contributions of preoperative anemia and RBC
transfusions on outcomes in cardiac surgery. In a mul-
ticenter study of more than 30,000 patients undergo-
ing isolated CABG, the authors created independent
multivariable models of preoperative hematocrit and
RBC transfusion exposures, respectively, on postop-
erative outcomes, noting that both models were asso-
ciated with hospital mortality and AKIL' However,
the transfusion model had modestly higher predic-
tive performance as evaluated through area under
the curve (AUC) parameters, leading the authors to
conclude that RBC transfusion, rather than the pre-
operative hematocrit, is the more important driver
of risk-adjusted morbidity and mortality. However,
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evaluating transfusion and preoperative hematologic
status in isolation provides an incomplete picture of
exposure-outcome relationships. Preoperative hema-
tocrit is intricately linked to subsequent transfusion
exposures,'® such that transfusions may fall along a
possible causal pathway between anemia and out-
comes. Indeed, our results highlight primarily direct
effects of preoperative anemia on some postopera-
tive outcomes (ie, AKI) and effects mediated, in part,
through perioperative RBC transfusion exposures on
others (ie, hospital duration). Importantly, media-
tion analyses in noncardiac surgery have also shown
that preoperative anemia is associated with adverse
postsurgical outcomes, and many of these associa-
tions are driven through mediation factors such as
transfusion.'*?> However, as shown with the primary
outcome of AKI in the current investigation, anemia-
outcome associations are not wholly attributable to
transfusion exposures. As such, it is possible that
augmentation of preoperative hemoglobin concen-
trations, even in the absence of transfusion reduc-
tions, may be associated with improvements in some
postoperative outcomes. However, it is important to
note that this observational study, even though using
a mediation framework, characterizes associations
between anemia and outcomes and does not confirm
the presence or nature of causal pathways. Future
clinical trials are necessary to evaluate the proposed
pathways and establish causality.

Nadir intraoperative hemoglobin concentrations
have been associated with higher morbidity and mor-
tality in cardiac surgery.?2 Further, animal models
of induced-anemia during cardiopulmonary bypass
show sustained reductions in renal cortical and med-
ullary oxygenation despite enhanced renal blood
flow, with greatest impairments observed in the renal
medulla.? This suggests that medullary hypoxia may
be a key driver for postoperative AKI in cardiac sur-
gery. Recognizing that intraoperative hemoglobin
concentrations may reside on a potential causal path-
way between preoperative anemia and postoperative
AKI, we performed a predefined secondary analysis
evaluating nadir intraoperative hemoglobin concen-
trations as potential mediators of preoperative anemia
and outcome relationships. To that end, the asso-
ciations between preoperative anemia and outcomes
of AKI and hospital duration were both primarily
direct effects of preoperative rather than intraopera-
tive hemoglobin concentrations. Hence, only a small
portion of preoperative anemia and outcome rela-
tionships appear to be mediated through nadir intra-
operative hemoglobin concentrations. This does not
imply that intraoperative hemoglobin concentrations
are unimportant for postoperative outcomes such as
AKI, but rather that they do not mediate preoperative
anemia and outcome relationships. We hypothesize

8 www.anesthesia-analgesia.org

that some patients presenting for surgery with ane-
mia may already be experiencing renal oxygenation
deficits or other subclinical kidney injury, predis-
posing them to heightened risk of AKI. This risk is
likely to be exacerbated by the effects of cardiopul-
monary bypass, including inflammation, neurohor-
monal activation, microembolization, increased free
hemoglobin exposure secondary to native RBC injury
and/or transfusion, ischemia-reperfusion injury, and
other types of oxidative stress. Alternatively, anemia
is associated with acute and chronic disease states
that heighten risk for perioperative renal injury, and
it is possible that preoperative anemia may primarily
serve as a marker for greater preoperative disease bur-
den and inherent risk of AKL. However, it is important
to recognize that (1) the associations between lower
preoperative hemoglobin concentrations and AKI
persist despite prespecified adjustment for preopera-
tive renal risk factors and chronic disease severity, and
(2) animal models suggest the presence of anemia-
mediated oxygen deficits during and after cardiopul-
monary bypass that occur independent of underlying
disease severity.?® Certainly, it is possible that preop-
erative anemia may be both a marker of underlying
renal risk and a driver of adverse renal outcomes.
Additionally, the association between preoperative
anemia and AKI may occur through other mediat-
ing factors besides nadir hemoglobin concentrations
and transfusion exposures. As 1 example, low oxy-
gen delivery (DO2) during cardiopulmonary bypass
has been associated with a higher risk of AKI**
and strategies designed to maintain higher DO2 may
reduce the incidence of postoperative AKL??® It is
likely that patients with preoperative anemia may be
at heightened risk for impaired DO2 during cardio-
pulmonary bypass, which contributes to higher rates
of postoperative AKI. Regardless of the underlying
mechanism(s), the presence of preoperative anemia
should be considered a clinically important risk factor
for AKI after cardiac surgery. Future trials should spe-
cifically evaluate whether pharmacological anemia
treatment may reduce organ injury, with hypoxia-
mediated injury being a key mechanism of interest.
Ourapproach uses anovel potential outcomes frame-
work for mediation analysis rather than the product
method for mediation proposed by Baron and Kenny
offering flexibility for our mediation analysis that
includes both count and continuous mediators (RBC
transfusions, lowest intraoperative hemoglobin) and
continuous and dichotomous outcomes (length of stay,
AKI) under a single framework.!*? There are several
limitations to this study. First, this data is observational,
and the possibility for residual confounding persists
despite prespecified adjustment of variables that may
confound exposure-outcome, mediator-outcome, and
exposure-mediator relationships. Second, although we
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present a mediation framework, this investigation does
not establish causality. Third, although we adjusted
for surgery type (ie, CABG versus valve) and markers
of surgical complexity, we included both single and
double-valve surgeries, and it is possible that there
may be outcome differences across these. Further, we
did not include off-pump CABG or combined CABG-
valve procedures, which limits generalizability. Fourth,
we did not have information on the causes of preop-
erative anemia in this cohort. It is possible that clinical
outcomes may differ based on the underlying causes of
preoperative anemia. Fifth, patients in this cohort did
not receive evaluation or management of preoperative
anemia. Future studies are needed to evaluate how ane-
mia management strategies may influence anemia and
postoperative outcome relationships. Sixth, while we
assessed potential mediation of preoperative anemia
outcome and outcome relationships by intraoperative
transfusions and nadir hemoglobin concentrations, we
were unable to assess other potential mediation factors
such as DO2, which should be considered in future
studies. Additionally, we did not include postoperative
RBC transfusions as proposed mediators, as this could
lead to mediator-outcome (ie, cause-effect) inversion
(eg, postoperative transfusions may have occurred
after postoperative AKI, and hence would not be valid
under a mediation framework). Future work is neces-
sary to characterize the potential mediation of preoper-
ative anemia and postoperative outcome relationships
by postoperative transfusions. Finally, these data are
derived from a single academic medical center, which
may limit external validity.

In summary, preoperative anemia was associated
with higher rates of postoperative AKI and longer
hospital durations after elective cardiac surgery. The
association between preoperative anemia and AKI
appears to be primarily driven by direct effects of pre-
operative anemia, while both anemia and subsequent
RBC transfusion exposures contribute to prolonged
hospitalizations. Future clinical trials are needed to
further evaluate mechanisms of anemia-associated
postoperative organ injury and test whether pharma-
cological anemia treatment may reduce AKI and other
adverse events after cardiac surgery. &2
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