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SUMMARY

Biological evidence supports plasma methemoglobin as a biomarker for anemia-
induced tissue hypoxia. In this translational planned substudy of the multinational
randomized controlled transfusion thresholds in cardiac surgery (TRICS-III) trial,
which included adults undergoing cardiac surgery requiring cardiopulmonary
bypass with a moderate-to-high risk of death, we investigated the relationship
between perioperative hemoglobin concentration (Hb) and methemoglobin;
and evaluated its association with postoperative outcomes. The primary en-
dpoint was a composite of death, myocardial infarction, stroke, and severe acute
kidney injury at 28 days. We observe weak non-linear associations between de-
creasing Hb and increasing methemoglobin, which were strongest in magnitude
at the post-surgical time point. Increased levels of post-surgical methemoglobin
were associated with a trend toward an elevated risk for stroke and exploratory
neurological outcomes. Our generalizable study demonstrates post-surgical me-
themoglobin may be a marker of anemia-induced organ injury/dysfunction, and
may have utility for guiding personalized approaches to anemia management.
Clinicaltrials.gov registration NCT02042898.

INTRODUCTION

Perioperative anemia is prevalent and is associated with morbidity and mortality; and the risk for these out-
comes increases with severity of anemia.’"? Furthermore, patients undergoing cardiac surgical procedures
have an increased risk for anemia due to cardiopulmonary bypass-associated hemodilution and bleeding.’
Currently, hemoglobin concentration (Hb) thresholds are used to define the severity of anemia and for
guiding its management™”; however, the biological implications of these thresholds are unclear, particu-
larly at the level of the individual patient. Humans and studied mammals have a robust adaptive cardiovas-
cular response to acute anemia, with the goal of maintaining optimal vital organ perfusion.'*® Experimental
studies demonstrate that important hypoxic cellular mechanisms are activated during acute,” subacute,®
and chronic” anemia, in response to a reduction in blood oxygen content. Anemia-induced tissue hypoxia
is biologically sensed via multiple mechanisms, including hypoxia-inducible factor (HIF) and neuronal nitric
oxide synthase (nNOS). These cellular mechanisms contribute to optimize oxygen delivery and hypoxic
cellular adaptation to promote survival.'” However, these adaptive mechanisms eventually become over-
whelmed as indicated by evidence of increased organ injury and mortality observed at progressively lower
Hb levels.""

In the surgical setting, the most available acute treatment for anemia is the administration of red blood cell
(RBC) transfusion. However, blood transfusion is an intervention that includes high osmolar fluid, red cells
(variable degree due to age) and also debris that may exert an inflammatory response. The decision to
transfuse is complex and should occur only when its net benefit outweighs the risks associated with ane-
mia.'” Recent clinical practice guidelines recommend RBC transfusion in cardiac surgery when Hb falls
below 75 g/L (severe anemia)™'®; however, there is evidence that the optimal Hb threshold for transfusion
may vary within subgroups of patients undergoing cardiac surgery. Most recently, data from the large ran-
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for transfusion may be favored among younger patients, and a lower Hb threshold may be favored in older
patients.'? Therefore, a biomarker of anemia-induced tissue hypoxia may provide better insight on the de-
gree of anemic stress experienced by specific vital organs, including the brain and heart, and its impact on
each individual patient. Utilizing a biomarker of anemia-induced tissue hypoxia may better inform transfu-
sion management, as opposed to the current “imprecise science” of using Hb alone.

Plasma methemoglobin has been proposed as a biomarker for anemia-induced tissue hypoxia.'>' A num-
ber of physiological mechanisms are hypothesized to contribute to the oxidation of hemoglobin to methe-
moglobin during anemic hypoxia.'” There are three primary mechanisms which have been proposed for
the generation of methemoglobin during anemia. First, there is an increased level of deoxyhemoglobin
in the microcirculation during acute anemia, which may readily be oxidized to methemoglobin. Second,
there is upregulation of nNOS during acute anemia, which may contribute to increased levels of nNOS-
derived nitric oxide in the vasculature, further promoting oxidation of hemoglobin to methemoglobin.''®
Third, deoxyhemoglobin itself may act as a nitrite reductase, and in the process of nitric oxide generation,
methemoglobin is produced as a byproduct.'”

Additionally, we have observed a small but consistent increase in methemoglobin levels proportional to
acute reductions in Hb across preclinical animal models of hemodilutional anemia.'® Similar associations
have been observed in a small single-center cohort studies evaluating patients undergoing cardiac surgery
on cardiopulmonary bypass; however, these studies have been unable to evaluate the relationship be-
tween methemoglobin and postoperative clinical outcomes.'”'® The biological plausibility for these mech-
anisms and consistent evidence, in the context of the relative ease, low cost, and rapid turn-around-time for
results, make methemoglobin a viable potential biomarker for measuring anemia-induced tissue hypoxia.

We therefore conducted this planned substudy nested within TRICS-III trial to: (1) investigate the relation-
ship between Hb and methemoglobin values; and (2) evaluate the association between methemoglobin
and postoperative outcomes at 28 days. We hypothesized that methemoglobin may be a biological marker
of anemia-induced tissue hypoxia, which may inform the degree of anemia-induced tissue injury experi-
enced by vital organs, including the brain, heart, and kidney.

RESULTS

Cohort description

I"” included 5243 adults undergoing cardiac sur-
gery requiring cardiopulmonary bypass (CPB) with a moderate-to-high risk of death (European System for
Cardiac Operative Risk Evaluation [EuroSCORE] | > 6) between January 20, 2014 to March 20, 2017 from 73
sites in 19 countries. " The TRICS-IIl cohort included 208 patients randomized in the TRICS-II pilot trial.

Of the 5092 patients included in the modified intention-to-treat population, 3056 had available pre-surgical

The open-labeled, pragmatic TRICS-IIl non-inferiority tria

Hb and methemoglobin values (samples collected intraoperatively, before CPB) and were included in the
pre-surgical analysis, and of which 2049 had available post-surgical Hb and methemoglobin values (sam-
ples collected at ICU admission) and were included in the post-surgical analysis. A patient flow chart is pro-
vided in Figure S1, and the distribution of methemoglobin concentrations before and after surgery is pro-
vided in Figure S2.

Patient characteristics are presented in Table 1, and are similar to the primary TRICS IIl cohort'*: 64% were
male, 51.9% underwent CABG procedures, the average age was 72.6 years, BMI was 27.9 kg/m?,
EuroSCORE | was 7.9, preoperative Hb was 131 g/L. The average pre-surgical hemoglobin was 122 g/L
and methemoglobin was 0.8%. Additionally, RBC transfusion was administered in 2% of patients preoper-
atively, and 37% of patients intraoperatively.

A comparison of characteristics between included and excluded patients is presented in Table S1. The
overall balance of covariate distribution between patients included and excluded in both pre-surgical
and post-surgical analyses suggest that these cohorts may be representative of the whole trial population
with respect to demographic factors, EuroSCORE components, operative factors, and outcomes.

Association between hemoglobin and methemoglobin is strongest at post-surgical time point

Pre-surgical hemoglobin and methemoglobin levels were 122 + 18 g/L and 0.81 + 0.44%, and post-sur-
gical hemoglobin and methemoglobin levels were 100 + 18 g/L and 0.90 £+ 0.47%. The correlations
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Table 1. Patient characteristics

Preoperative Characteristics

Allocated to Restrictive Strategy
Age, years

Male Sex

Ethnicity

African descent

Asian

Caucasian

Other
Body Mass Index, kg/m?
EuroSCORE |
Previous Cardiac Surgery
Recent Myocardial Infarction (<90 days)
Emergency Surgery
Left Ventricular Function

Good

Moderate

Poor

Very Poor
Diabetes
Pulmonary Hypertension
Renal Function®

Normal (CC > 85 mL/min)

Moderate (CC > 50 and <85)

Severe (CC < 50)

Dialysis (regardless of CC)
Treated Hypertension
Preoperative Aspirin Use
Preoperative Anticoagulant Use
Preoperative Hemoglobin, g/L

Preoperative RBC Transfusion

1527/3056 (50.0)
726 + 9.8
1958/3056 (64.1)

33/2902 (1.1)
74/2902 (2.5)
2679/2902 (92.3)
116/2902 (4.0)
27.9 £ 5.1

79 +£19
364/3056 (11.9)
708/3056 (23.2)
38/3056 (1.2)

1944/3053 (63.7)
884/3053 (29.0)
187/3053 (6.1)
38/3053 (1.2)
823/3056 (26.9)
247/3052 (8.1)

1054/2901 (36.3)
1338/2901 (46.1)
482/2901 (16.6)
27/2901 (0.9)
2286/3056 (74.8)
1624/3052 (53.2)
732/3056 (24.0)
131.3 £ 17.2
61/3056 (2.0)

Operative Characteristics

Planned Surgery

CABG Only

CABG and Valve

Other Surgery and CABG

Valve Only

Other Surgery
Pre-Surgical Hemoglobin g/L
Pre-Surgical Methemoglobin, (%)
Duration of cardiopulmonary bypass

Intraoperative vasoactive medication for > 1h

duration

Intraoperative RBC transfusion’

752/3054 (24.6)
594/3054 (19.4)
240/3054 (7.9)
905/3054 (29.6)
563/3054 (18.4)
122.0 + 18.0
0.8 + 0.4

122.8 + 61.0
2142/3008 (71.2)

1142/3055 (37.4)

Clinical Outcomes

Composite Outcome

375/3054 (12.3)

(Continued on next page)
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Table 1. Continued

Clinical Outcomes

Death 96/3053 (3.1)
Myocardial Infarction 200/3054 (6.5)
Stroke 46/3054 (1.5)
Severe Acute Kidney Injury 104/3054 (3.4)
Encephalopathy 38/3054 (1.2)
Seizure 51/3054 (1.7)
Delirium 367/3054 (12.0)
Hospital Length of Stay 10.6 + 6.1

Values presented as n (%) or mean + standard deviation. There were 154 missing values for ethnicity; 5 missing values for
EuroSCORE [; 3 missing values for left ventricular function; 4 missing values for pulmonary hypertension; 155 missing values
for renal function; 4 missing values for preoperative aspirin use; 1 missing value for preoperative hemoglobin; 2 missing values
for planned surgery; 2 missing values for the composite outcome; 3 missing values for death; 2 missing values for myocardial
infarction; 2 missing values for stroke; 2 missing values for severe acute kidney injury; 2 missing values for encephalopathy; 2
missing values for seizure; 2 missing values for delirium; 16 missing values for hospital length of stay. CC, creatinine clearance;
RBC, red blood cell; CABG, coronary artery bypass graft surgery.

between Hb and methemoglobin are presented in Figure 1, and scatterplots are presented in Figure S3.
Negative correlations were observed at the pre-surgical and postsurgical time points, and between delta
Hb and post-surgical methemoglobin. Although these correlations may be described as very weak, each
achieved statistical significance. The strongest correlation was observed when comparing values at
post-surgical time point (post-surgical spearman’s p: —0.15 vs. pre-surgical spearman’s p: —0.08 and delta
spearman’s p: —0.05).

There was statistical evidence for non-linear associations between pre-surgical Hb and methemoglobin
and post-surgical Hb and methemoglobin values (Table 2). The association was present at non-anemic
levels at the pre-surgical time point (adjusted change in methemoglobin at non-anemic level [Hb 150
g/L vs. 125 g/L]: —0.11%, 95% confidence interval [Cl] —0.15% to —0.08%), and plateaued as anemia
increased in severity. At the post-surgical time point, this association increased in magnitude and was pre-
sent in the non-anemic and mildly anemic levels (adjusted change in methemoglobin at non-anemic level:
—0.24%, 95% CI1-0.30% to —0.18%; mild anemia [Hb 125 g/L vs. 100 g/L]: —0.19%, 95% CI -0.24% to —0.15%),
and plateaued as anemia increased in severity. There was evidence of a linear association between delta
Hb and post-surgical methemoglobin (adjusted change in methemoglobin —0.04%, 95% Cl -0.07% to
—0.01 per 25 g/L increase in Hb).

The relationship between hemoglobin and methemoglobin was strongest in magnitude at the post-surgi-
cal time point; thus, only post-surgical values evaluated for subsequent analyses.

Pre-surgical hemoglobin vs. Post-surgical hemoglobin vs. Delta hemoglobin vs.
Pre-surgical methemoglobin Post-surgical methemoglobin Post-surgical methemoglobin
15. 3 I
A B C
S
c 1.0- i 1 \\\—
Qo
o
=
o
g /—\
2 05-
k]
=
0.0 Spearman’s p -0.08, P <0.001 _ Spearman’s p -0.15, P <0.001 _ Spearman’s p -0.05, P =0.012
50 100 150 200 50 100 150 200 -100 -50 0 50

Pre-Surgical Hemoglobin (g/L) Post-Surgical Hemoglobin (g/L) Delta Hemoglobin (g/L)

Figure 1. Correlations between hemoglobin versus methemoglobin before and after surgery

(A-C) The correlation between: pre-surgical hemoglobin versus pre-surgical methemoglobin (Panel A); post-surgical
hemoglobin versus post-surgical methemoglobin (Panel B); and Delta (difference between pre-surgical and post-
surgical) hemoglobin versus post-surgical methemoglobin (Panel C) in the whole cohort. The plotted lines of best fit and
95% confidence intervals were estimated using restricted cubic splines. p value for non-linearity: p < 0.001 at pre-surgical
time point, p < 0.001 at post-surgical time point. p = 0.67 for delta.
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Table 2. Association between hemoglobin and methemoglobin before and after surgery

Unadjusted change in methemoglobin
per 25 g/L difference in hemoglobin
concentration (95% Cl)

Adjusted change in methemoglobin
per 25 g/L difference in hemoglobin
concentration (95% Cl)

Pre-Surgical Hb vs. Pre-Surgical MetHb
No anemia (150 g/L vs. 125 g/L)
Mild anemia (125 g/L vs. 100 g/L)
Moderate anemia (100 g/L vs. 75 g/L)
Severe anemia (75 g/L vs. 50 g/L)
Post-Surgical Hb vs. Post-Surgical MetHb
No anemia (150 g/L vs. 125 g/L)
Mild anemia (125 g/L vs. 100 g/L)
Moderate anemia (100 g/L vs. 75 g/L)
Severe anemia (75 g/L vs. 50 g/L)
Delta Hb vs. Post-Surgical MetHb
per 25 g/L increase in Hb (linear)

—0.11 (-0.15 to —0.08)"
—0.02 (-0.05 to 0.01)
0.02 (—0.03 to 0.06)
0.02 (—0.03 to 0.06)

—0.24 (—0.30 to —0.19)°
—0.20 (—0.24 to —0.15)°
0.02 (—0.03 to 0.07)
0.06 (0.00-0.12)

—0.02 (—0.05 to 0.00)

—0.12 (-0.16 to —0.08)"
—0.01 (-0.04 to 0.02)
0.03 (-0.02 to 0.07)
0.03 (—0.02 to 0.07)

—0.24 (—0.30 to —0.18)"
—0.19 (-0.23 to —0.15)"
0.07 (0.00-0.13)

0.02 (-0.03 to 0.07)

—0.03 (—0.06 to —0.01)°

There was statistical evidence for non-linear associations between pre-surgical hemoglobin versus pre-surgical methemoglobin, and post-surgical hemoglobin
versus post-surgical methemoglobin; therefore, hemoglobin was modeled as a non-linear term in these models. Models adjusted for age, sex, diabetes status,
preoperative renal function, preoperative left ventricular function, baseline chronic pulmonary disease, planned surgery, and red blood cell transfusion. Cl, Con-
fidence interval; Hb, hemoglobin concentration; MetHb, methemoglobin.

p < 0.05.

Increases in post-surgical methemoglobin associated with elevated risk for postoperative
clinical outcomes

The incidence of clinical outcomes is presented in Figure 2, and the rates are similar to the primary TRICS-III
cohort.'” Post-surgical methemoglobin concentration was associated with an increased unadjusted risk of
the primary composite outcome (odds ratio [OR]: 1.42, 95% CI 1.09 to 1.86), myocardial infarction (OR: 1.48,
95% CI 1.06 to 2.09) and stroke (OR: 2.17, 95% Cl 1.13 to 4.17) per 1% increase in post-surgical methemo-
globin. Following adjustment, there was a trend toward an increased risk for the primary composite
outcome (OR,g;: 1.26, 95% CI 0.95 to 1.68) and myocardial infarction (OR,g: 1.36, 95% CI 0.96 to 1.94),
and the association with stroke persisted (OR,q;: 2.20, 95% CI 1.11 to 4.34) per 1% increase in post-surgical
methemoglobin.

Subgroup analyses

RBC transfusion modified the relationship between hemoglobin and methemoglobin at the pre-surgical
and post-surgical time points, and between delta Hb and post-surgical methemoglobin (Figure S4). In pa-
tients who did not receive RBC transfusion, the relationship between hemoglobin and methemoglobin
increased in strength and magnitude; conversely, in patients who received RBC transfusion, there was
no observed relationship. The results of the respective subgroup analyses stratified by sex and ethnicity
are provided in Figure S4. No evidence of effect modification by transfusion status, sex, nor ethnicity on
the association between post-surgical methemoglobin and the primary composite outcome was observed
(Figure S5).

Sensitivity analyses

All associations were consistent and persisted in our sensitivity analyses with additional adjustment for
ethnicity (excludes patients enrolled in the TRICS-II pilot study; Tables S2 and S3). Additionally, all associ-
ations with clinical outcomes were consistent and persisted in our sensitivity analysis evaluating absolute
methemoglobin concentration (product of methemoglobin fraction and hemoglobin concentration) as
the independent variable (Figure Sé).

Post-hoc analyses

Post-surgical methemoglobin was associated with an increased risk of encephalopathy (OR,q;: 3.92, 95% ClI
2.04 to 7.54 per 1% increase in post-surgical methemoglobin; Figure 2). There was statistical evidence for a
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Una;i justed Odds Ratio Adjusted Odds Ratio per
per 1% Absolute Increase . .
n (%) . . 1% Absolute Increase in Methemoglobin
in Methemoglobin 95% CI)
(95% CI) °

Pre-Specified Clinical Outcomes

Composite Outcome 256/2048 (12.5) 1.42 (1.09 to 1.86) e 1.26 (0.95 to 1.68)
Death 56/2047 (2.7) 1.15 (0.66 to 2.00) —e—i 0.95(0.52 t0 1.73)
Myocardial Infarction 144/2048 (7.0) 1.48 (1.06 to 2.09) —e—i 1.36 (0.96 to 1.94)
Stroke 31/2048 (1.5) 2.17(1.13 to 4.17) —e— 2.20(1.11 to 4.34)
Severe Acute Kidney Injury 77/2048 (3.8) 1.19 (0.74 to 1.91) —e—i 1.00 (0.61 to 1.66)
Additional Neurological Outcomes
Encephalopathy 31/2048 (1.5) 3.74(2.06 t0 6.81) ——e— 3.92(2.04 to 7.54)
Seizure 32/2048 (1.6) 1.67 (0.85 t0 3.29) —e— 1.55(0.78 to 3.10)
Delirium 218/2048 (10.6)
Post-Surgical MetHb: 1% vs. 0% 0.49 (0.27 to 0.86) —e—i 0.40 (0.22t0 0.71)
Post-Surgical MetHb: 2% vs. 1% 1.56 (1.00 to 2.44) —e—i 1.50 (0.74 to 3.05)
Post-Surgical MetHb: 3% vs. 2% 1.69 (1.03 t0 2.77) —e—i 1.74 (1.05 to 2.88)

I T T T T T 1
01 02 05 1 2 5 10

Lower risk Higher risk

per 1% absolute increase in post-
surgical methemoglobin value

Figure 2. Association between post-surgical methemoglobin and clinical outcomes

Cl; Confidence interval; MetHb, methemoglobin. There was statistical evidence of a non-linear association only between
post-surgical methemoglobin and the additional neurological outcome of delirium; therefore, post-surgical
methemoglobin was modeled as a non-linear term for this outcome. Models adjusted for age, sex, diabetes status,
preoperative renal function, preoperative left ventricular function, baseline chronic pulmonary disease, planned surgery,
red blood cell transfusion, and hemoglobin concentration. The x axis is presented on a log-transformed scale.

non-linear association between post-surgical methemoglobin and delirium where below the threshold of
1%, increases in methemoglobin was associated with a reduction in risk; and above the threshold of 1%,
increases in methemoglobin was associated with an elevation in risk. The additive prognostic value of
methemoglobin, as compared to hemoglobin concentration alone, for predicting clinical outcomes is pre-
sented in Table S4.

DISCUSSION

In this planned substudy of the multinational TRICS-IIl randomized controlled trial enrolling patients under-
going cardiac surgery on cardiopulmonary bypass with a moderate-to-high risk of death, we observed that
perioperative reductions in Hb were associated with subtle increases in methemoglobin, and post-surgical
methemoglobin was associated with an elevated risk for stroke and additional exploratory neurological
outcomes. These findings were consistent and persisted across all sensitivity analyses.

The association between Hb and methemoglobin was consistent, albeit statistically weak, across all time
points. This association was strongest in magnitude in the post-surgical period, similar to previous studies
evaluating this relationship in preclinical models of hemodilutional anemia’® and cohort studies in patients
undergoing cardiac surgery on cardiopulmonary bypass.'”'® Although, the association between Hb and
methemoglobin was most pronounced in the non-anemic and mildly anemic Hb ranges, the linear associ-
ation between delta Hb and methemoglobin emphasizes that this relationship is consistent across all levels
of acute blood loss. Additionally, increases in methemoglobin values were maintained within a normal
range (below 1%).?" Our data suggest that methemoglobin may be a marker for acute anemia, and the
mechanisms generating anemia-induced methemoglobin production may be tightly regulated to prevent
production of supranormal levels of methemoglobin which may further impair tissue oxygen delivery. Of
note, the association between Hb and methemoglobin was observed only among non-transfused patients.
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Stored RBCs may experience higher levels of oxidative stress potentially leading to an accumulation of
methemoglobin and reactive oxygen species that may oxidize endogenous hemoglobin to methemo-
globin following transfusion.”” More investigation is needed to better understand whether stored RBC is
a source of exogenous methemoglobin and/or if it induces production of endogenous methemoglobin
during anemia. In addition, these data encourage the future assessment of additional hypoxia-induced
biomarkers, including systemic erythropoietin, as clinical indicators of anemia-induced organ injury.'®

It is of particular interest that associations were detected between post-surgical methemoglobin and
myocardial infarction and stroke, and not for severe acute kidney injury. Under physiological conditions,
the heart and brain have the highest metabolic requirements for oxygen and are associated with relatively
high proportions of oxygen extraction.”” Therefore, these organs would have relatively high levels of de-
oxyhemoglobin within the microcirculation following oxygen extraction. Elevated deoxyhemoglobin favors
all proposed mechanisms for methemoglobin formation, and therefore may be indicative of hypoxia
induced injury in these organs. By contrast, oxygen extraction in the kidney is much lower than that of
the brain and heart; thus, may have a lower level of deoxyhemoglobin and may have less of an effect on
methemoglobin levels. Although our post-hoc analysis suggests post-surgical methemoglobin may addi-
tive prognostic value for predicting myocardial infarction and neurological outcomes; further investigation
of methemoglobin as a predictive biomarker is required.

Post-surgical methemoglobin was associated with an increased risk for stroke and the additional neurolog-
ical outcomes of encephalopathy and delirium at 28 days. Immediately following the onset of anemia, phys-
iological adaptions are activated to preserve brain oxygen balance, including: (1) an increase in cardiac
output, systematic vascular resistance, and a redirection of blood flow to the brain; (2) enhanced oxygen
offloading (extraction) in the brain; and (3) changes in metabolism reducing oxygen demand in the brain.”
Despite these adaptations, there is biological evidence of anemia-induced brain tissue hypoxia with pro-
gressively severe levels of anemia.'' Additionally, blunting of the cardiovascular responses to anemia (beta
blockade) has been demonstrated to exacerbate anemia-induced tissue hypoxia, specifically in the brain.””
This suggests that the brain may be particularly susceptible to anemia-induced tissue hypoxia, which may
increase the risk for postoperative brain dysfunction and injury.”® Additionally, the mechanism(s) for ane-
mia-induced generation of methemoglobin may be adaptive and enhance brain oxygen delivery when
methemoglobin is maintained within a normal range.'™'® However, the brain may be extremely sensitive
to the reduction in oxygen carrying capacity from anemia-induced generation of methemoglobin, and
these mechanisms may become maladaptive when this normal range is exceeded. This may explain the
non-linear relationship between post-surgical methemoglobin and the delirium, where a reduced risk
was observed below the threshold of 1%, and an increased risk was observed above the threshold of
1%. Although post-surgical increases in methemoglobin were associated with a non-significant elevated
risk for seizure, it is unclear whether this association was mediated by anemia-induced tissue hypoxia.
Larger, adequately powered studies are needed to confirm the association between post-surgical methe-
moglobin and neurological outcomes and to elucidate the mechanism(s) contributing to this effect.

Current clinical practice guidelines support RBC transfusion at a restrictive Hb threshold (< 75 g/L) in pa-
tients free of symptoms of anemia.>'* However, Ho and symptoms of anemia may not accurately reflect the
imbalance of oxygen supply and demand in the brain.?’ Post-surgical methemoglobin may have utility in
providing unique insight on a patient’s degree of anemia-induced brain tissue hypoxia. Interestingly, a
recent small randomized trial evaluated central venous oxygen saturation (SvO,) as a biological marker
for measuring the severity of anemia and for guiding RBC transfusion.”® SvO,-guided transfusion was suc-
cessful at reducing blood transfusion exposure as compared to Hb-guided strategy; however, it was asso-
ciated with a non-significant but numerically higher risk for stroke. The incidence of stroke may potentially
be reduced by incorporating post-surgical methemoglobin interpretation in the SvO,-guided transfusion
strategy. Further investigation is needed to evaluate whether methemoglobin may be warranted for guid-
ing perioperative RBC transfusion when interpreted in conjunction with SvO, and/or other exploratory
measures of anemia-induced tissue hypoxia (such as urinary oxygen tension,”’ erythropoietin; '® and
HIF?) for optimizing postoperative outcomes and blood utilization.

Limitations of the study

Although we provide results from a large, contemporary, prospective multinational cohort with clearly
defined clinical outcomes, and statistical adjustment for clinically important factors, our study has
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limitations which should be noted. The weakness of the correlation between methemoglobin and hemo-
globin may limit the clinical importance of this relationship, and may provide support for the exploration
for other biological markers, such as erythropoietin, as a marker for anemia-induced tissue hypoxia. Addi-
tionally, it is likely that the mechanisms affecting methemoglobin levels during cardiac surgery are multi-
factorial, and include factors which may not be related to anemia-induced tissue hypoxia (such as use of
vasopressors, or HIF-pathway activation via inflammation). The relationship between anemia, HIF-pathway
activation, and methemoglobin was a working hypothesis based on data from animal studies, and may not
directly translate into clinical practice.

There may be potential bias and limiting of generalizability of our findings due to missing data in our study.
Pre-surgical and post-surgical methemoglobin and hemoglobin data were not available for all patients. To
address this, we performed a comparison of characteristics between those who were and were not included
in the analysis which revealed that the groups were very similar to each other and to the primary TRICS-III
cohort; suggesting that missing data had a very limited impact on the generalizability of our findings.

Our study may not be adequately powered for detecting the clinical outcomes. However, the hypothesis-
generating association between post-surgical methemoglobin and stroke persisted across all analyses,
including: (1) models adjusted for preoperative and intraoperative characteristics; (2) models including
additional adjustment for ethnicity; (3) models evaluating post-surgical absolute methemoglobin concen-
tration as the independent variable. Additionally, the consistent elevated risk between post-surgical
methemoglobin and additional neurological outcomes, in the context of the biological plausibility for
the mechanism contributing to this effect, provide rationale that this association may not be due to chance.
However, due to the observational design of this study, we are unable to exclude all potential bias due to
residual confounding in this study.

In patients undergoing cardiac surgery on cardiopulmonary bypass with a moderate-to-high risk of death,
post-surgical methemoglobin may be a marker of anemia-induced organ stress, and values may be asso-
ciated with an increased risk for clinical outcomes. Further investigation is needed for assessing the utility of
methemoglobin as a biomarker for guiding perioperative transfusion when interpreted in conjunction with
other measures of anemia.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

R: A language and environment for statistical R Foundation for Statistical version 3.6.3

computing. Computing, Vienna, Austria

RESOURCE AVAILABILITY
Lead contact

Further information and reasonable requests for resources should be directed to and will be fulfilled by the
lead contact, C. David Mazer (David.Mazer@unityhealth.to).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® Data and other materials may be available by request. Please submit requests to the lead contact for
consideration. Deidentified participant data will be made available to researchers whose proposed
use of the data has been approved, and whose research group includes a qualified statistician or epide-
miologist. Data will be provided after completion of a data sharing agreement and protocol registration.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Transfusion Requirements in Cardiac Surgery lll (TRICS-IIl) was a pragmatic, open-labelled, non-inferiority
trial randomizing adults > 18 years of age undergoing cardiac surgery requiring CBP with a moderate-to-
high risk of death (EuroSCORE | > ) to either a restrictive transfusion strategy (transfuse if Hb was <75 g/L)
or liberal strategy (transfuse if Hb was <95 g/L in the operating room or intensive care unit, or <85 g/L on the
ward). The trial protocol'? and primary results'*?° have been previously published. This trial recruited pa-
tients from 73 sites in 19 countries spanning 6 continents. The TRICS-IIl cohort included patients random-
ized in the TRICS-II pilot trial, whose data were kept blinded until the completion of the TRICS-III trial.
Appropriate research ethics board approval was obtained for each site, and informed written consent
was obtained from each participant. A list of participating investigators is provided in the supplementary
appendix (Data S1). Data on ethnicity were not collected in the pilot TRICS-II trial, and gender data were
not collected.

METHOD DETAILS

Protocolized pre-surgical and post-surgical laboratory measurements of Hb and methemoglobin were
collected for this planned substudy. The pre-surgical sample was obtained in the operating room, after in-
duction of anesthesia and prior to initiation of cardiopulmonary bypass. The post-surgical sample was ob-
tained upon admission to the intensive care unit. Patients missing or having negative Hb and/or methemo-
globin values were excluded from the study.

The first objective of this study was to investigate the relationship between Hb and methemoglobin. For
this, we performed three separate analyses: 1) pre-surgical: comparing pre-surgical Hb versus pre-surgical
methemoglobin; 2) post-surgical: comparing post-surgical Hb versus post-surgical methemoglobin; and 3)
delta: comparing the difference between pre-surgical and post-surgical Hb versus post-surgical methemo-
globin. The second objective of this study was to evaluate the association between methemoglobin and
postoperative clinical outcomes. The primary analysis evaluated the relationship between hemoglobin in
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grams per litre, and methemoglobin as a percentage of total hemoglobin, their respective most common
units of measure. The primary clinical outcome was a composite of death, myocardial infarction, stroke, and
severe acute kidney injury until the first of hospital discharge or 28 days after index surgery as defined in the
TRICS-II trial. Secondary outcomes were the individual components of the primary composite outcome.
Clinical outcomes were evaluated by a central adjudication committee using definitions provided in the
supplementary appendix (Data S2). Additional neurological outcomes included postoperative encepha-
lopathy, seizure and delirium.

The association between methemoglobin and clinical outcomes were evaluated only at the timepoint for
which the relationship between Hb and methemoglobin was strongest in order to reduce multiple compar-
isons, potentially leading to spurious associations between methemoglobin and clinical outcomes.

QUANTIFICATION AND STATISTICAL ANALYSIS

This was an analysis of the modified intention-to-treat population of the TRICS-III trial, which included all
randomized patients except patients who withdrew consent or did not undergo their planned surgery. The
sample size was determined by the TRICS-IIl cohort. Patient characteristics were described using frequency
and proportion for categorical variables, and mean and standard deviation for continuous variables.

Spearman rank correlation coefficients were used to describe the correlation of each relationship between
Hb and methemoglobin. Adjusted linear regression models were used to evaluate the association between
Hb and methemoglobin (first study objective) and adjusted logistic regression models were used to eval-
uate the association between methemoglobin and clinical outcomes (second study objective). The covari-
ates used for adjustment were selected a priori based on clinical sensibility and literature search, and
included: age, sex, diabetes status, preoperative renal function, preoperative left ventricular function,
baseline chronic pulmonary disease, planned surgery, red blood cell transfusion, and hemoglobin concen-
tration. Ethnicity data were not collected during the pilot TRICS-II trial, and thus was not included as a co-
variate for adjustment in our primary analysis.

All models were initially fit with the independent variable (Hb for study objective 1) or methemoglobin for
study objective 2) expressed with a cubic spline with 3-knots placed at the 10, 50, and 90" quantiles to
account for potential non-linear associations. If there was evidence of a non-linear association between the
independent variable and outcome, it was expressed with spline terms. Conversely, if there was no evi-
dence of a non-linear association between the independent variable and outcome, it was expressed as
a linear term.

Effect estimates with 95% confidence intervals are presented from regression models. A 2-tailed p value of
<0.05 was taken to be statistically significant. Analyses were performed with R software (v3.6.3)

Subgroup, sensitivity, and post-hoc analyses

Subgroup analyses were performed to evaluate if there was any evidence of effect modification on our
study objectives due to RBC transfusion status, sex, and ethnicity. For these analyses, we fitted separate
adjusted regression models that included an interaction term between the independent and subgroup var-
iables. p values were obtained from a chi-squared tests adjusted for all interactions in the model.

We performed a sensitivity analysis with additional adjustment for ethnicity. Additionally, we evaluated the
association between absolute concentration of methemoglobin (calculated by multiplying the methemo-
globin fraction by Hb) and clinical outcomes.

To further investigate the observed association between post-surgical methemoglobin and stroke, we
evaluated the association between post-surgical methemoglobin and additional neurological outcomes.
Additionally, to evaluate the additive prognostic value of methemoglobin, as compared to hemoglobin
concentration alone, for predicting clinical outcomes, we compared the continuous net reclassification
improvement statistic and area under the receiver operating curve for these respective models.

ADDITIONAL RESOURCES
The TRICS-II trial is registered at Clinicaltrials.gov, registration: NCT02042898.
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