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Pre-operative immune cell
numbers and ratios are associated
with peri-operative adverse
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Background and objectives: Transfusion-related immune modulation (TRIM) and
associated adverse outcomes during major surgery are increasingly important to
patients and health services internationally. A panel of pre-operative blood tests
is an essential part of the pre-operative anaesthetic assessment. This panel of
blood tests commonly considers numbers of immune cells (i.e., lymphocytes,
monocytes, and neutrophils and cell ratios) that may be used as biomarkers to
evaluate and potentially predict post-operative adverse outcomes.
Design: This retrospective data collection from eight hospital databases, within
the Royal Brisbane and Women’s Hospital, considered only patients who
received blood transfusion during surgery (2016–2018) (n= 2,121). The
association between pre-operative immune cell numbers and ratios and
adverse outcomes were assessed. Adverse outcomes were coded using the
International Classification of Diseases-10 (ICD-10) coding which specifically
considered transfusion-related immune modulation. Results were adjusted for
confounding factors.
Results: After adjustment, decreased pre-operative lymphocyte numbers and
increased neutrophil/lymphocyte ratio (NLR) were associated with increased
odds of developing infection; decreased NLR with decreased odds of
developing adverse renal outcomes; and decreased lymphocyte numbers with
decreased odds of developing adverse cardiovascular outcomes. Monocyte
numbers, neutrophil numbers, and the lymphocyte/monocyte ratio (LMR)
were not associated with increased adverse outcomes after adjustment.
Abbreviations

ABO, ABO blood groups; ABT, allogeneic blood transfusion; pRBC, allogeneic packed red blood cells; RBC,
allogeneic packed red blood cells only; AARK, Automated Anaesthetic Record Keeping; BMI, kg/m2, body
mass index; CVS, cardiovascular; COAD, chronic obstructive airway disease; CD, cluster of differentiation;
COVID-19, Coronavirus Disease 2019; DVT, deep venous thrombosis; FBC, full blood count; HIS, Health
Information Systems; HBCIS, Hospital-based corporate information system; HLA-DR, Human Leukocyte
Antigen – DR isotype; HREC, Human Research Ethics Committee; IDDM, insulin dependent diabetes
mellitus; ieMR, Integrated Electronic Medical Record; ICU, intensive care unit; ICD-10, International
Classification of Diseases-10; ISOS, International Surgical Outcomes Study; ICS, intraoperative cell salvage;
LOS, length of stay in hospital; LMR, lymphocyte/monocyte ratio; LNR, lymphocyte/neutrophil ratio; NK,
Natural killer; NLR, neutrophil/lymphocyte ratio; NIDDM, non-insulin-dependent diabetes mellitus;
ORMIS, Operating Room Medical Information System; PLR, platelet/lymphocyte ratio; RBWH, Royal
Brisbane and Women’s Hospital; SQL, Structured Query Language; TRIM, transfusion related immune
modulation; TIA, transient ischemic attack; VIF, variance inflation factor.
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Conclusion: Pre-operative lymphocyte numbers and NLR are associated with
adverse outcomes during peri-operative transfusion. Future assessment of peri-
operative immune modulation should include the assessment of immune cell
function and numbers.
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1 Introduction

Peri-operative adverse outcomes hold serious implications for

clinical patient care and the cost of healthcare services

internationally (1). An estimated 310 million major surgeries

occur in the world each year: 1%–4% of patients pass away, 15%

experience serious adverse outcomes, and 5%–15% are

readmitted within 30 days. A large 5-year study by Dencker et al.

in the United States of America (2021, n = 5,880,829) identified a

growing incidence of peri-operative adverse outcomes (2).

Various outcomes were considered, including surgical site

infection (superficial, deep and of internal organs), urinary tract

infection, pneumonia, thrombophlebitis, deep venous thrombosis

(DVT), myocardial infarction, cardiac arrest, pulmonary

embolism, stroke, and sepsis. Surgical infection risk, potentially

associated with immune modulation, has major implications

worldwide (3, 4). Severe infection can lead to multi-organ failure,

increased length of stay in hospital and the intensive care unit

(ICU), and mortality. When the International Surgical Outcomes

Study (ISOS) Group analysed surgical outcomes, they found

4,032 infections occurred in 2,927 patients (2,927/44,814, 6.5%),

including superficial surgical-site infection (n = 1,320, 32.7%),

pneumonia (n = 708, 17.6%), and urinary tract infection (n = 681,

16.9%) (5). We agree with Wan et al. that “Recognition of

modifiable risk factors will help inform appropriate prevention

strategies” and we therefore decided to conduct this study. Even

though immune competency may currently not be modifiable it

is essential to consider this additional important factor within

future research. The ability to identify which patients could

experience worse outcomes is becoming increasingly valued. An

assessment of peri-operative immune competence may, therefore,

provide valuable information.

Traditional research considered TRIM in the context of adverse

outcomes related to infection and cancer recurrence (6). ABT is a

risk factor for ventilator-associated pneumonia and infection in

trauma patients (7, 8), and blood-stream and acquired

nosocomial infection in critically ill patients (9, 10). ABT was a

confounding factor during major cardiac surgery, where 1.5% of

patients developed pneumonia and the mortality rate was 21%

(11). When considering critically ill patients Taylor et al.

reported a nosocomial infection rate of 14.3% in transfused and

5.8% in non-transfused patients (e.g., pneumonia, peritonitis,

cystitis, pyelonephritis, urinary tract infection, bacteremia, etc.)

(12). In addition to infection-related outcomes, TRIM is now

used more broadly to include other adverse outcomes related to

pro-inflammatory and immune modulatory pathways following

ABT, including myocardial infarction, stroke, renal impairment,
02
and respiratory complications (12–14). Furthermore, it was

demonstrated that by using intraoperative cell salvage (ICS) as an

alternative to ABT, many (previously mentioned) adverse

outcomes are reduced or potentially avoided (15, 16).

There are important knowledge gaps within current literature.

Firstly, we should consider the factors that may play a role in a

patient’s pre-operative immune capacity that may lead to

post-operative adverse outcomes. A healthy immune response

(cellular and humoral) is essential to ensure adequate protection

against peri-operative infection (17). Peri-operative changes to

the immune response are however complex and multi-factorial.

The extent of tissue damage, type of surgery (17) surgical

inflammation, hypotension, hypothermia (18), transfusion-related

immune modulation (TRIM) (14, 19), anaesthetic technique

(20, 21) and anaesthetic drugs may alter immune responses (22).

Further confounding factors include pre-existing patient

comorbidities (e.g., Diabetes mellitus), and immunosuppressive

drugs (23). Other medications provided during anaesthesia,

including analgesia and anti-emetics, may result in immune

suppression. Corcoran et al. (in a landmark anaesthetic study)

recently confirmed that dexamethasone (used for its anti-emetic

properties) did not increase the incidence of surgical site

infection (24). Other outcomes related to peri-operative immune

modulation were not considered by Corcoran et al. Although

exact mechanisms often remain unclear, many factors impair the

normal immune response and increase the risk of developing

surgical infection. Furthermore, in addition to infection-related

consequences, altered immune responses hold further organ

specific implications (e.g., cardiovascular, renal, liver, etc.) (25). A

deeper understanding of the confounding factors and other

outcomes potentially associated with peri-operative immune

suppression is essential.

The mechanisms associated with altered immune responses

(i.e., immune modulation) peri-operatively are also important

considerations. The potential causes of TRIM have been studied

extensively (14) and appear to be multifactorial. The precise

mechanism(s) of TRIM remains largely undefined. This study is

not designed to elicit the mechanisms mediating TRIM. Instead,

we aim to find biomarkers associated with immune modulation.

Such biomarkers can then be used during large clinical studies,

sufficiently powered to evaluate factors and techniques that could

improve outcomes in surgical patients. For example, even though

adverse outcomes are potentially reduced following ICS (15, 16),

due to the complex nature of ICS research, uncertainty related to

the mechanism of TRIM and many confounding factors, large

sample sizes are required to ensure robust statistical analysis.

Biomarkers that are differentially altered, potentially associated
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with TRIM and feasible to measure in large sample sizes, would be

invaluable during future research to identify the best transfusion

modalities when considering clinical outcomes in patients.

The next requirement would be to identify methods that would

enable the measurement of immune competency during peri-

operative research. Various biomarkers have been studied to evaluate

and describe the pathophysiology associated with immune

suppression during surgery and anaesthesia (17). We do not propose

that these cell numbers, used as biomarkers in our study, cause

adverse outcomes as such, but they are instead considered to reflect

changes in the immune response at a local and systemic level during

peri-operative transfusion. The prognostic value of biomarkers were

demonstrated, for example for lymphocyte/monocyte ratio (LMR)

(26), platelet/lymphocyte ratio (PLR) and neutrophil/lymphocyte

ratio (NLR) (27) during gastrointestinal cancer surgery; NLR,

monocyte/lymphocyte (MLR) (28) and monocyte numbers (29)

during lung cancer surgery; NLR and LMR (30) during pancreatic

cancer surgery and human leukocyte antigen—DR isotype (HLA-

DR) expression on monocytes during surgery for ruptured

abdominal aortic aneurysm (31). A knowledge gap exists when

considering peri-operative lymphocyte sub-populations, also

considering NLR and LMR, and their association with the risk of

developing infection following peri-operative transfusion. Using

immune cell numbers and ratios as biomarkers to assess and

potentially predict clinical outcomes associated with peri-operative

transfusion may be valuable and relevant for many surgical procedures.

Filling these knowledge gaps would be the next step. Over

decades many investigators used similar study methods to evaluate

outcomes associated with TRIM. Even though these methods

informed knowledge gaps, we still do not have a clear

understanding of all the factors that may be associated with

adverse outcomes during peri-operative transfusion. Our study

team therefore evaluated different techniques and considered

different biomarkers (that were previously not considered) for use

in future research. Many laboratory techniques were previously

used to assess altered immune responses and associated peri-

operative adverse outcomes including whole blood assays (32),

mass cytometry (20), flow cytometry (20, 33), gene arrays (34).

These study techniques are often complex, time-consuming, and

expensive and therefore not feasible within large sample sizes

required to consider all the confounding factors relevant to TRIM

research. The standard anaesthetic assessment before major

surgery routinely includes a 5-part differential full blood count

(FBC), where numbers of neutrophils (40%–60%), lymphocytes (B

cells and T cells, 20%–40%), monocytes (2%–8%), eosinophils

(1%–4%) and basophils (0.5%–1%) are measured (35). The routine

nature of this 5-part differential cell count makes it a convenient

monitor to use when studying peri-operative immune competence,

immune responses and related clinical outcomes (20). We

therefore aimed to evaluate the value of these commonly

measured immune cells to monitor and potentially predict peri-

operative adverse outcomes. The main objective of this study was

to assess adverse outcomes considered to be associated with

immune modulation (infection and other organ system-related

outcomes) through analysis of International Classification of

Diseases-10 (ICD-10) coded information.
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2 Materials and methods

2.1 Study design

During this retrospective cohort study, at the Royal Brisbane and

Women’s Hospital (RBWH, a quaternary referral teaching hospital

in Queensland, Australia), 2,121 patients received peri-operative

transfusion (male n = 984, female n = 1,137, 2016–2018). An

estimated 33,000 surgical procedures occur at the RBWH each

year (only patients >12 years of age). Retrospective administrative

data collected from eight electronic hospital databases (within the

RBWH) were used, with ethics exemption from the RBWH

Human Research Ethics Committee (HREC/16/QRBW/437).

A number of steps were considered to enable data collection: data

collection plan, request approvals, request data from relevant data

custodians, data retrieval, data combined, data connected (i.e.,

“linked”), correction (i.e., data cleaning), preparation for the next set

of data, solutions to improve the efficiency of data collection

(overcome some obstacles experienced), and plan again. Data

associated with surgical procedures, transfusion and transfusion-

related adverse outcomes are not held within one database at the

RBWH. Each database is managed within the relevant department

with different stakeholders, data ownership and related business rules.

Communication between these databases is non-existent. Automated

connection of data points is not enabled within the electronic patient

record system. These data points (e.g., the timing of the specific

procedure and the timing of the transfused blood products relevant

to this procedure) were not connected and had to be linked within a

software solution specifically designed for this project.

Data exported from eight hospital databases were combined

within a novel Structured Query Language (SQL) database,

developed for this project. This SQL database ensured each

adverse outcome (ICD-10 code) analysed was related to the

specific surgical procedure and relevant transfusion episode (i.e.,

date and time) (Table 1). One hundred and seventy-three

individual ICD-10 coded outcomes were categorised within organ-

specific groups (to enable statistical analysis), patient-specific

comorbidities were added, and the best fit statistical model was

identified. Sophisticated information technology support was

essential at various stages to ensure data management and robust

analysis of this large volume of data, with double checks for

outliers, and multiple planned checks from within departments

and at each stage of the data collection process.

Exported data included the numbers of lymphocytes,

monocytes, and neutrophils (Supplementary Table 1). Two ratios

were created from the exported data: LMR and NLR. These cell

numbers and ratios were used as biomarkers within this study.

Pre-operative values (nearest to and mostly within 5 h before

surgical start time, not older than 1 month) were available with

FBC measurements performed as a standard part of clinical care.
2.2 Demographic

Socio-demographic and clinical data were collected to enable

adjustment for confounding factors within the statistical model.
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TABLE 1 Sources and examples of data collection: databases, comorbidity
categories, and adverse outcome categories (adapted from the
COSTOMICS study).

Database name (abbreviated) Example
1 Operating RoomMedical Information

System (ORMIS)
Surgical procedure, surgical sub-specialty

2 Integrated Electronic Medical Record
(ieMR)

Demographic (age, gender, BMI)

3 Automated Anaesthetic Record
Keeping (AARK)

Data cleaning (BMI, procedure)

4 Hospital-based corporate
information system (HBCIS)

Length of stay in hospital (LOS)

5 Transfusion (Queensland Pathology) Transfused time, number of units

6 Autotransfusion (ICS) ICS processed or transfused

7 Health Information System (HIS) ICD 10 coded adverse outcomes

8 Intensive Care Information System
(Metavision)

Length of stay in intensive care (ICU
LOS)

Comorbidity category Example
1 Cardiac disease Ischaemic heart disease, cardiac failure

2 Cerebrovascular incidents Ischaemic, haemorrhagic stroke and TIA

3 Diabetes IDDM and NIDDM

4 Renal Polycystic kidney disease, renal failure

5 Hypertension Essential hypertension

6 Hypercholesterolaemia

7 Respiratory disease Asthma, COAD

8 Cancer

9 Haematological Sickle cell disease

Adverse Outcome Category Example
1 Infection Surgical wound infection

2 Respiratory COAD

3 Renal Acute renal failure

4 Cardiovascular Acute myocardial infarction

5 Cerebrovascular Stroke

6 Transfusion related ABO incompatibility

7 Medication Drug reaction

8 Thrombo-embolism Pulmonary embolism

9 Anaemia

BMI, body mass index; ICS, intraoperative cell salvage; ICD-10, International

Classification of Diseases-10; ICU, intensive care unit; TIA, transient ischemic attack;

IDDM, insulin dependent diabetes mellitus; NIDDM, non-insulin-dependent

diabetes mellitus; COAD, chronic obstructive airway disease; ABO, ABO blood groups.

Roets et al. 10.3389/fanes.2024.1319588
Body Mass Index (BMI, kg/m2) was categorised as underweight

(less than 18.5), normal weight (18.5–24.9), overweight (25–29.9),

obese (30 or more) (36), and missing BMI data (comprising 17%).
2.3 Study outcomes assessed

Peri-operative adverse outcomes, using ICD-10 coded data

(formally coded by professional coding staff), were extracted

from the Health Information Systems (HIS) database (Table 1).

Specific adverse outcomes that were previously identified when

considering peri-operative transfusion were exported [i.e., ICD-10

codes for 173 different adverse outcomes categorised according

to organ systems (Supplementary Table 2)], grouped within

organ-specific categories and the number of patients experiencing

an adverse outcome. Patients could experience more than one

adverse outcome and adverse outcomes in more than one

category. Furthermore, our analysis considered patients who

received one of three modes of transfusion: ICS only (ICS),
Frontiers in Anesthesiology 04
allogeneic packed red blood cells (pRBC) only (RBC) or

allogeneic pRBC and ICS (RBC&ICS).
2.4 Statistical methods

Statistical analyses were performed using R version 4.1.1 (R Core

Team, 2018, Vienna, Austria). Categorical variables were described

using frequencies and percentages and analyzed using a chi-square

test; Fisher’s exact test was used when expected counts were small.

Binary logistic regression was used to understand the association

between adverse outcomes and biomarkers (lymphocyte-,

monocyte-, neutrophil numbers, LMR and NLR), including

adjustment for demographic variables and patient comorbidities.

Results were adjusted for patient comorbidities that were

categorised according to relevant organ systems (i.e., cardiovascular,

cerebrovascular, renal, respiratory, cancer and haematological

conditions etc.) (Table 1). The number of comorbidities per patient

was counted and patients were categorised as those with none, one,

two or three or more comorbidities.

First univariate logistic models were performed for all variables.

Multivariable models were created using a hybrid backward

selection approach, where demographic variables were forced

into the model. Biomarkers with P-values less than 0.2 were

added to an initial multivariate model. Biomarkers were removed

one at a time until only significant biomarkers remained. The

final step was to further adjust the model in a separate block to

assess the effect of the transfusion modality (i.e., ICS, RBC or

RBC&ICS). Multicollinearity was assessed for the independent

variables using a variance inflation factor. Due to non-linearity

and outliers in the logistic models, the biomarkers were log base

two transformed. A small constant of 0.01 was added to enable

calculation of biomarkers when zeros were present. Descriptive

statistics were reported as geometric (back-transformed) means

and 95% confidence intervals. Pearson’s correlation was used to

explore the relationships between biomarkers.
3 Results

Between January 2016 and December 2018, 2,121 patients (male

n = 984, female n = 1,137), receiving peri-operative blood transfusion

at the RBWH were included in the study. The average age was 55

years, the mean BMI was 23.4 kg/m2, 1,936 patients received only

allogeneic blood (RBC), 115 received only ICS (ICS) and 70

received both pRBCs and ICS (RBC&ICS). Pre-operative data for

the biomarkers of interest were available for 2,087 of the 2,121

transfused study patients (Table 2). To improve clarity, we include

a summary figure with significant results (Figure 1).
3.1 Considering all adverse outcomes

We demonstrated that of the 2,087 patients who received

transfusion and for whom we had biomarkers available, 1,882

patients (90.2%) experienced coded adverse outcomes; most
frontiersin.org
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TABLE 2 Characteristics of the study population.

Characteristic n = 2,087a

Age

Mean (SD) 55.3 (19.4)

Gender

Female 1,117 (54%)

Male 970 (46%)

BMI

Underweight 660 (32%)

Normal weight 522 (25%)

Overweight 314 (15%)

Obese 245 (12%)

Missing 346 (17%)

Comorbidities

None 601 (29%)

One 403 (19%)

Two 309 (15%)

Three or more 774 (37%)

Transfusion modality

ICS 110 (5.3%)

RBC 1,907 (91%)

RBC & ICS 70 (3.4%)

Adverse outcome 1,882 (90%)

BMI, body mass index; ICS, intraoperative cell salvage; RBC, allogeneic red blood

cells; RBC&ICS, allogeneic red blood cells and intraoperative cell salvage; SD,

standard deviation.
an (%)
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commonly cardiovascular (n = 1,007, 48.3%), followed by post-

operative infection (n = 502, 24.1%) (including other infections:

wound infection, pneumonia, etc.), respiratory (n = 428, 20.5%)

and adverse renal outcomes (n = 216, 10.3%) (Table 3). The

incidence of cerebrovascular events (n = 21, 1%) and

thromboembolic adverse outcomes (n = 47, 2.3%) were low.

On average, patients experiencing adverse outcomes were older

(mean 55.7 years; 95% CI: 54.8, 56.6) than patients who did not

(mean 51.3 years; 95% CI: 48.5, 54.1; P = 0.002) (Supplementary

Table 3). Adverse outcomes were more common in patients with

lower lymphocyte numbers (mean 1.5; 95% CI: 1.4, 1.5; P = 0.045)

and higher NLR (mean 4.6; CI: 4.3, 4.7; P = 0.061), compared to
FIGURE 1

Summary of significant findings when considering the associations betwee
neutrophil-lymphocyte-ratio).
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patients with higher lymphocyte numbers (mean 1.7; 95% CI: 1.5,

1.7) and lower NLR (mean 4.0; 95% CI: 3.5, 4.4). After adjustment

for demographic variables in the multivariable model, NLR was

significant (odds 1.13; 95% CI 1.01, 1.26; P = 0.035) with a 13%

increase in odds with every doubling of NLR (Table 4). In the

backward selection process, lymphocytes, age and comorbidities

were no longer significant. In the final step, the model was

adjusted by transfusion modality. This indicated greater odds of

having any adverse outcome following RBC 5.71 (95% CI 3.63,

8.90; P < 0.001) and RBC&ICS 6.05 (95% CI 2.52, 17.0; P < 0.001)

than ICS. After adjustment for transfusion modality, the NLR OR

of 1.07 (95% CI 0.95, 1.20; P = 0.265) was no longer significant.
3.2 Adverse infection-related outcomes

Patients who developed post-operative infection were older

(mean 59.7 years; CI 58.2, 61.2) than patients who did not (mean

53.8 years; CI 52.9–54.8) (P < 0.001); with lower lymphocyte

numbers [mean 1.4, (CI 1.2, 1.3), P < 0.001], lower LMR [mean

1.9 (CI: 1.7, 1.9) P < 0.001] and higher NLR [mean 5.3 (CI: 4.8,

5.8), P < 0.001], compared to patients with no infection (mean

lymphocytes 1.6 [CI: 1.5, 1.6], mean LMR 2.3 [CI: 2.1, 2.3]), mean

NLR 4.3 [CI: 4.0, 4.4]) (Supplementary Table 4). After adjustment

for demographic variables in the multivariable model and

backward selection, NLR odds: 1.15 (95% CI 1.05, 1.27; P = 0.002)

and lymphocyte odds: 0.85 (95% CI 0.74, 0.98; P = 0.028)

remained significant (Table 5). As lymphocyte numbers doubled

the odds of having an infection decreased by 15%. Transfusion

modality was not found to be either a predictor of infection

(P = 0.381) or to confound the effect of biomarkers.
3.3 Adverse respiratory outcomes

On average, patients who experienced adverse respiratory

outcomes were older (mean 59.5 years; CI: 57.9, 61.2) compared

to those who did not (mean 54.1 years; CI: 53.2, 55.1, P < 0.001)
n organ-specific adverse outcomes and biomarkers in this study (NLR,
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TABLE 3 Prevalence for adverse outcomes (numbers of patients
experiencing adverse outcomes); considering organ-specific categories.

Outcome category n = 2,087a

All adverse outcomes 1,882 (90.2%)

Infection 502 (24.1%)

Respiratory 428 (20.5%)

Cardiovascular 1,007 (48.3%)

Renal 216 (10.3%)

an (%)

Roets et al. 10.3389/fanes.2024.1319588
(Supplementary Table 5). Within the multivariable model, patients

with higher BMI (overweight and obese), male gender, and two or

more comorbidities were significantly associated with more adverse

respiratory outcomes (Table 6).
3.4 Adverse cardiovascular outcomes

When considering descriptive statistics and adverse

cardiovascular outcomes, age differences were not significant

(Supplementary Table 6). Patients with adverse cardiovascular

outcomes had higher lymphocyte (mean 1.6; CI: 1.5, 1.6,

P = 0.002) and neutrophil numbers (mean 6.9; CI: 6.5, 7.1;

P = 0.056), compared to those with no adverse cardiovascular

outcomes (lymphocytes mean 1.5; CI: 1.3, 1.4, neutrophils mean

6.4; CI: 6.0, 6.6). After adjustment for demographic variables in
TABLE 4 The odds of adverse outcomes (i.e., within univariate, multivariable

Univariate

OR 95% CI P-value R2a O
Lymphocyte 0.84 0.70, 0.99 0.042 0.004

Monocyte 0.90 0.75, 1.09 0.281 0.001

Neutrophil 1.04 0.91, 1.18 0.575 0.000

LMR 0.95 0.83, 1.08 0.429 0.001

NLR 1.11 1.00, 1.24 0.061 0.004 1

Age 1.01 1.00, 1.02 0.002 0.009 1

BMI 0.817 0.002

Underweight 1.00 1

Normal weight 1.16 0.80, 1.72 0.439 1

Overweight 1.10 0.71, 1.74 0.673 1

Obese 1.36 0.82, 2.33 0.25 1

Missing 1.11 0.72, 1.72 0.647 1

Gender 0.527 0.000

Female 1.00 1

Male 1.10 0.82, 1.47 0.528 0

Comorbidities 0.009 0.012

None 1.00 1

One 1.28 0.87, 1.92 0.222 1

Two 1.62 1.03, 2.63 0.042 1

Three + 1.81 1.27, 2.59 0.001 1

Transfusion modality <0.001 0.050

ICS 1.00

RBC 5.46 3.53, 8.32 <0.001

RBC & ICS 5.41 2.29, 15.0 <0.001

aR2 multivariable model = 0.018, multivariable model + Transfusion modality = 0.068. O

monocyte-ratio; NLR, Neutrophil-lymphocyte-ratio; BMI, body mass index; ICS, intraop

cells and intraoperative cell salvage.
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the multivariable model and backward selection, for every

doubling of lymphocyte numbers, there was a 16% increase in

the odds of adverse cardiovascular outcomes [odds 1.16, (CI

1.05, 1.28); P = 0.004] (Table 7). Finally, when adjusting the

model by transfusion modality; RBC (odds 1.43, 95% CI 0.96,

2.14; P = 0.078) and RBC&ICS (odds 2.82, 95% CI 1.52, 5.34; P

= 0.001) had greater odds of an adverse cardiovascular outcome

than patients receiving only ICS. There was no confounding

effect of transfusion modality on lymphocyte numbers.
3.5 Adverse renal outcomes

Patients with adverse renal outcomes were associated with

older age (mean 63.4 years (CI: 61.4, 65.5) vs. mean 54.3 years

(CI: 53.4, 55.2), P < 0.001) and lower lymphocyte numbers [mean

1.4 (CI: 1.2, 1.4), P = 0.005] and LMR [1.8 (CI: 1.5, 1.9)

P < 0.001]. While those with no adverse renal outcomes had

higher neutrophil numbers [mean 7.5 (CI: 6.7, 8.1), p = 0.013],

and NLR [mean 5.9 (CI: 5.0, 6.6), P < 0.001] (Supplementary

Table 7). The univariate logistic regression models indicated that

lymphocytes, neutrophils, LMR and NLR were associated with

renal adverse outcomes (P < 0.05) (Table 8). However after

adjustment for demographic variables in the multivariable model,

an association between higher NLR and increased odds of

adverse renal outcomes was identified. When NLR doubled there
and multivariable and transfusion modality logistic regression models).

Multivariable Multivariable + Modality

R 95% CI P-value OR 95% CI P-value

.13 1.01, 1.26 0.035 1.07 0.95, 1.20 0.265

.01 1.00, 1.02 0.205 1.01 1.00, 1.02 0.100

0.931 0.723

.00 1.00

.14 0.78, 1.68 0.509 1.25 0.85, 1.87 0.266

.05 0.67, 1.66 0.843 1.18 0.75, 1.90 0.486

.24 0.74, 2.16 0.436 1.31 0.78, 2.31 0.324

.05 0.68, 1.64 0.837 1.01 0.65, 1.58 0.973

0.798 0.737

.00 1.00

.96 0.71, 1.31 0.798 1.06 0.77, 1.45 0.738

0.42 0.646

.00 1.00

.20 0.79, 1.84 0.387 1.14 0.74, 1.76 0.558

.43 0.86, 2.43 0.18 1.33 0.79, 2.29 0.289

.48 0.91, 2.40 0.116 1.35 0.82, 2.23 0.239

<0.001

1.00

5.71 3.63, 8.90 <0.001

6.05 2.52, 17.0 <0.001

R, odds ratio; biomarker and ratio data log base 2 transformed. LMR, Lymphocyte-

erative cell salvage; RBC, allogeneic red blood cells; RBC&ICS, allogeneic red blood
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TABLE 5 The odds of infection related adverse outcomes (i.e., within univariate, multivariable and multivariable and transfusion modality logistic
regression models).

Univariate Multivariable Multivariable + Modality

OR 95% CI P-value R2a OR 95% CI P-value OR 95% CI P-value
Lymphocyte 0.74 0.66, 0.82 <0.001 0.020 0.85 0.74, 0.98 0.028 0.86 0.74, 0.99 0.032

Monocyte 1.05 0.93, 1.20 0.421 0.000

Neutrophil 1.05 0.96, 1.15 0.329 0.001

LMR 0.78 0.70, 0.85 <0.001 0.020

NLR 1.20 1.11, 1.29 <0.001 0.015 1.15 1.05, 1.27 0.002 1.14 1.04, 1.26 0.004

Age 1.02 1.01, 1.02 <0.001 0.025 1.00 1.00, 1.01 0.285 1.00 1.00, 1.01 0.260

BMI 0.269 0.004 0.483 0.454

Underweight 1.00 1.00 1.00

Normal weight 1.15 0.88, 1.51 0.308 1.14 0.86, 1.51 0.35 1.15 0.87, 1.53 0.316

Overweight 1.25 0.91, 1.70 0.169 1.22 0.88, 1.68 0.232 1.23 0.89, 1.70 0.212

Obese 1.43 1.02, 2.00 0.034 1.34 0.94, 1.90 0.102 1.34 0.94, 1.90 0.102

Missing 1.08 0.79, 1.47 0.637 1.04 0.75, 1.43 0.821 1.03 0.75, 1.42 0.846

Gender <0.001 0.010 0.035 0.028

Female 1.00 1.00 1.00

Male 1.47 1.20, 1.80 <0.001 1.26 1.02, 1.56 0.035 1.27 1.03, 1.58 0.028

Comorbidities <0.001 0.046 <0.001 <0.001

None 1.00 1.00 1.00

One 1.62 1.16, 2.26 0.004 1.44 1.01, 2.04 0.043 1.43 1.01, 2.04 0.045

Two 2.77 1.99, 3.88 <0.001 2.40 1.65, 3.49 <0.001 2.38 1.64, 3.47 <0.001

Three + 2.73 2.08, 3.62 <0.001 2.18 1.51, 3.15 <0.001 2.15 1.49, 3.11 <0.001

Transfusion modality 0.139 0.003 0.381

ICS 1.00 1.00

RBC 1.56 0.96, 2.66 0.084 1.41 0.86, 2.45 0.191

RBC & ICS 1.20 0.55, 2.57 0.645 1.25 0.56, 2.72 0.580

aR2 multivariable model = 0.073, multivariable model + Transfusion modality = 0.074. OR, odds ratio; biomarker and ratio data log base 2 transformed. LMR, Lymphocyte-

monocyte-ratio; NLR, Neutrophil-lymphocyte-ratio; BMI, body mass index; ICS, intraoperative cell salvage; RBC, allogeneic red blood cells; RBC&ICS, allogeneic red blood

cells and intraoperative cell salvage.
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was a 31% increase in odds of adverse renal outcomes [odds 1.31

(CI 1.17, 1.46), P < 0.001]. Adverse renal outcomes were also

associated with BMI, gender, and comorbidities. Transfusion

modality was not found to be associated (P = 0.710) or confound

the effect of NLR. Furthermore, the incidence of adverse

cerebrovascular events (n = 21, 1%) (Supplementary Table 8) and

adverse thromboembolic (n = 47, 2.3%) (Supplementary Table 9)

outcomes were low.
4 Discussion

Patients may experience adverse outcomes during major

surgery that require blood transfusion. Pre-operative immune

competence and the modulation of immune responses during

surgery, potentially resulting in impaired immune responses, are

important considerations (17). We therefore evaluated whether

an association existed between pre-operative immune cell

numbers (and ratios) and post-operative adverse outcomes in

transfused patients. Patients who received blood transfusion

within the study period were included and the association

between immune cell numbers (and ratios) and ICD-10 coded

adverse outcomes assessed. The association between ABT and

altered immune responses (TRIM) within the peri-operative

journey was previously confirmed (14, 37). By using ICD-10

coded adverse outcomes we reduced investigator bias and
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considered outcomes that were potentially related to TRIM and

important to patients and hospitals internationally. Our study

results demonstrate that pre-operative immune cell numbers (and

ratios) are associated with adverse organ-specific peri-operative

outcomes in patients who require transfusion during surgery.

Inflammatory biomarkers and immune cell ratios reflect

changes in the immune response and are commonly used to

predict cancer outcomes (26). The biomarkers in our study were

considered in a novel way during peri-operative transfusion on

the premise that they are valuable when considering immune

consequences and outcomes after cancer surgery (never before

considered for other sub-specialties or during peri-operative

transfusion). Firstly, we considered the association between each

biomarker in this study (i.e., lymphocytes, monocytes,

neutrophils, LMR and NLR) and overall adverse outcomes.

Previous studies confirmed lower lymphocyte numbers in those

who received ABT (10). Furthermore, in previous studies,

persistent leukocytosis and ongoing lymphopenia were associated

with significantly higher mortality in trauma patients (38).

Following adjustment within the multivariable model NLR

remained significantly associated with adverse outcomes; with a

13% increase in the odds of developing an adverse outcome with

every doubling of NLR. Before adjustment, adverse outcomes

were more common in patients with lower lymphocyte and

monocyte numbers and LMR, and higher neutrophil numbers

and NLR. Chan et al. found LMR was a valuable predictor of
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TABLE 6 The odds of respiratory adverse outcomes (i.e., within univariate, multivariable and multivariable and transfusion modality logistic regression
models).

Univariate Multivariable Multivariable + Modality

OR 95% CI P-value R2a OR 95% CI P-value OR 95% CI P-value
Lymphocyte 0.96 0.85, 1.08 0.48 0.000

Monocyte 1.04 0.91, 1.19 0.571 0.000

Neutrophil 1.04 0.94, 1.15 0.459 0.000

LMR 0.96 0.87, 1.06 0.435 0.000

NLR 1.05 0.97, 1.14 0.249 0.001

Age 1.02 1.01, 1.02 <0.001 0.020 1.01 1.00, 1.02 0.05 1.01 1.00, 1.02 0.060

BMI 0.041 0.007 0.069 0.076

Underweight 1.00 1.00 1.00

Normal weight 1.27 0.95, 1.69 0.105 1.22 0.91, 1.63 0.188 1.21 0.90, 1.63 0.199

Overweight 1.49 1.08, 2.06 0.016 1.48 1.06, 2.06 0.021 1.47 1.05, 2.05 0.022

Obese 1.46 1.02, 2.07 0.037 1.50 1.03, 2.16 0.032 1.51 1.04, 2.17 0.030

Missing 0.98 0.70, 1.38 0.922 1.01 0.71, 1.43 0.946 1.03 0.72, 1.45 0.878

Gender <0.001 0.016 <0.001 <0.001

Female 1.00 1.00 1.00

Male 1.66 1.34, 2.06 <0.001 1.51 1.21, 1.89 <0.001 1.51 1.21, 1.90 <0.001

Comorbidities <0.001 0.024 0.098 0.093

None 1.00 1.00 1.00

One 1.64 1.17, 2.30 0.004 1.38 0.97, 1.98 0.073 1.39 0.97, 1.99 0.070

Two 2.09 1.47, 2.97 <0.001 1.61 1.09, 2.39 0.016 1.62 1.09, 2.40 0.016

Three + 2.15 1.62, 2.87 <0.001 1.45 1.00, 2.12 0.053 1.48 1.02, 2.17 0.043

Transfusion modality 0.035 0.005 0.041

ICS 1.00 1.00

RBC 0.72 0.47, 1.15 0.154 0.82 0.52, 1.31 0.383

RBC & ICS 1.34 0.69, 2.60 0.384 1.61 0.81, 3.18 0.168

aR2 multivariable model = 0.043, multivariable model + Transfusion modality = 0.047. OR, odds ratio; biomarker and ratio data log base 2 transformed. LMR, Lymphocyte-

monocyte-ratio; NLR, Neutrophil-lymphocyte-ratio; BMI, body mass index; ICS, intraoperative cell salvage; RBC, allogeneic red blood cells; RBC&ICS, allogeneic red blood

cells and intraoperative cell salvage.
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survival in resectable bowel cancer; exceeding the value of

previously established biomarkers (e.g., NLR) (26). Seeing LMR

is available within standard pre-operative anaesthetic preparation,

it would be a convenient biomarker to use in a large trial. We

therefore considered the potential of LMR as a biomarker, but

pre-operative LMR was not associated with adverse outcomes in

transfused patients in this study.

We then considered the association between measured

biomarkers and post-operative infection. ABT is independently

associated with nosocomial infection in critically ill, and

ventilator-associated pneumonia in trauma patients (7, 10). From

a biological point of view, we know that a reduction in various

immune cells, uptake of apoptotic cells, decreased HLA-DR, T cell

“exhaustion” and increased suppressor cells further compromise

immune defenses and a patient’s ability to resist invading

pathogens (3). Higher NLR was associated with poor health status

and worse outcomes in patients with Coronavirus Disease 2019

(COVID-19) (39). Following adjustment within the multivariable

model, the only significant remaining associations were the odds

of developing an infection decreased by 15% if lymphocyte

numbers increased (doubled) and the odds of developing an

infection increased by 14% if NLR increased (i.e., doubled). These

associations were significant before and after adjustment. Within

the univariate model, lymphocytes, monocytes, neutrophils, LMR,

NLR, age, gender and comorbidities were associated with changes

in infection-related outcomes. Using an in vitro transfusion model,
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we previously demonstrated that exposure to ABT or ICS

suppressed monocyte and dendritic cell immune responses, with

improved immune competence following ICS (37). Furthermore,

we recently demonstrated that monocyte numbers increased

significantly at 48 h in patients who received pRBC and ICS

during major orthopaedic surgery (40). In the current study, after

adjustment, pre-operative monocyte numbers and LMR were not

associated with infection-related adverse outcomes. Dendritic cell

numbers were not considered here as they are not part of the

standard differential FBC.

The importance of peri-operative immune competence extends

beyond infection risks (14). No significant associations between

biomarkers and respiratory outcomes were found within the

descriptive statistical analysis and therefore were not included in

the multivariable analysis model. We considered adverse outcomes

related to the cardiovascular system. Neutrophil numbers and

NLR are potential biomarkers of inflammation and are used to

stratify the risk of heart failure and mortality after myocardial

infarction (41, 42). In our study, during the multivariable model

and following adjustment, there was 16% increased odds of

developing adverse cardiovascular outcomes if lymphocyte

numbers increased (doubled). Even though, during univariate

analysis, all the measured biomarkers were significantly associated

with increased odds of developing adverse cardiovascular

outcomes. Following adjustment within the multivariable model

there was a 31% increase in adverse renal outcomes if NLR
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TABLE 7 The odds of cardiovascular adverse outcomes (i.e., within univariate, multivariable and multivariable and transfusion modality logistic
regression models).

Univariate Multivariable Multivariable + Modality

OR 95% CI P-value R2a OR 95% CI P-value OR 95% CI P-value
Lymphocyte 1.17 1.06, 1.29 0.002 0.006 1.16 1.05, 1.28 0.004 1.16 1.05, 1.29 0.005

Monocyte 1.09 0.97, 1.21 0.141 0.001

Neutrophil 1.08 1.00, 1.17 0.056 0.002

LMR 1.06 0.98, 1.15 0.163 0.001

NLR 0.98 0.92, 1.05 0.587 0.000

Age 1.00 0.99, 1.00 0.108 0.002 1.00 0.99, 1.00 0.615 1.00 0.99, 1.00 0.660

BMI 0.372 0.003 0.352 0.402

Underweight 1.00 1.00 1.00

Normal weight 1.05 0.83, 1.32 0.679 1.03 0.82, 1.30 0.789 1.05 0.83, 1.32 0.684

Overweight 0.82 0.63, 1.08 0.158 0.81 0.61, 1.06 0.121 0.82 0.62, 1.08 0.161

Obese 0.88 0.66, 1.19 0.411 0.86 0.64, 1.17 0.338 0.87 0.64, 1.18 0.380

Missing 1.06 0.82, 1.38 0.651 1.04 0.80, 1.35 0.774 1.04 0.80, 1.35 0.768

Gender 0.218 0.001 0.348 0.435

Female 1.00 1.00 1.00

Male 0.90 0.76, 1.07 0.218 0.92 0.77, 1.10 0.348 0.93 0.78, 1.12 0.435

Comorbidities 0.2 0.003 0.678 0.631

None 1.00 1.00 1.00

One 0.87 0.68, 1.12 0.285 0.94 0.72, 1.23 0.664 0.94 0.72, 1.22 0.630

Two 0.76 0.57, 1.00 0.048 0.84 0.61, 1.14 0.256 0.83 0.60, 1.12 0.224

Three + 0.84 0.68, 1.04 0.104 0.96 0.71, 1.28 0.767 0.95 0.71, 1.28 0.740

Transfusion modality 0.003 0.007 0.004

ICS 1.00 1.00

RBC 1.39 0.94, 2.07 0.1 1.43 0.96, 2.14 0.078

RBC & ICS 2.87 1.55, 5.43 <0.001 2.82 1.52, 5.34 0.001

aR2 multivariable model = 0.011, multivariable model + Transfusion modality = 0.018. OR, odds ratio; biomarker and ratio data log base 2 transformed. LMR, Lymphocyte-

monocyte-ratio; NLR, Neutrophil-lymphocyte-ratio; BMI, body mass index; ICS, intraoperative cell salvage; RBC, allogeneic red blood cells; RBC&ICS, allogeneic red blood

cells and intraoperative cell salvage.
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increased (doubled). More adverse renal outcomes were also

associated with higher BMI, male gender, and comorbidities.

Statistical modelling and adjustment for confounding factors are

essential even though during the original descriptive analysis

associations were identified for all measured biomarkers (except

monocyte numbers) and during univariate analysis for

lymphocytes, monocytes, neutrophils, LMR and NLR.

Confounding factors such as age, gender, type of surgery and

comorbidities affect outcomes. Transfusion is however an

additional important factor to consider in this complex picture.

Adverse peri-operative outcomes were common in those who

received blood transfusion; 90.2% of the patients in this study

experienced at least one or more ICD-10 coded adverse outcome

(s). Historically, the immune-related consequences of transfusion

(i.e., impaired immune function, TRIM) were considered to relate

only to post-operative infection and cancer recurrence (19). Direct

adverse outcomes, for example febrile transfusion reactions, have

been studied extensively (43). We believe that other adverse

outcomes that occur later in the surgical journey (downstream) are

increasingly important (i.e., the outcomes considered in this

study), but are not studied, and are underestimated and

underreported. Patients in this study experienced cerebrovascular

events (1%) and cardiovascular (48.3%), infection (24.1%),

respiratory (20.5%), renal (10.3%) and thromboembolic (2.3%)

adverse outcomes following surgery and transfusion. Peri-operative

immune consequences and adverse outcomes are complex. The
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study results were adjusted for potential confounding factors. Even

though it is not possible to consider all potential confounding

factors related to transfusion research here, we aimed to narrow

down on important factors we believe should be included in

future. Some of the biomarkers studied were no longer

significantly associated with adverse outcomes during multivariable

analysis. From these results we can define specific biomarkers of

importance to include in future TRIM research.

The retrospective nature, single centre involvement and inherent

heterogeneity in cases are limitations to this study. We did not aim to

define the causes of TRIM or to consider the differences between

patients who did and those who did not receive transfusion. Such a

study would require a different statistical design. Instead, as

preliminary work the intention was to gather information about

relevant outcomes in transfused patients across many surgical sub-

specialties and the potential association with pre-operative immune

competency. The RBWH performs all surgical sub-specialties

except cardiothoracic and pediatric surgery. For this preliminary

work we considered all surgical procedures that required

transfusion within the study period (Supplementary Table 10). This

distinction did preclude smaller procedures from consideration and

potentially reduced some confounding factors. Because there was

no evidence available relevant to our research question, we started

by considering all procedures at the RBWH where patients received

blood transfusion (as a starting point to this conversation). Future

research aimed to define the causes of TRIM should include a sub-
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TABLE 8 The odds of renal adverse outcomes (i.e., within univariate, multivariable and multivariable and transfusion modality logistic regression models).

Univariate Multivariable Multivariable +Modality

OR 95% CI P-value R2a OR 95% CI P-value OR 95% CI P-value
Lymphocyte 0.80 0.69, 0.94 0.006 0.007

Monocyte 1.17 0.98, 1.41 0.079 0.003

Neutrophil 1.20 1.04, 1.38 0.01 0.007

LMR 0.76 0.67, 0.87 <0.001 0.017

NLR 1.27 1.14, 1.41 <0.001 0.019 1.31 1.17, 1.46 <0.001 1.30 1.16, 1.46 <0.001

Age 1.03 1.02, 1.04 <0.001 0.044 1.00 0.99, 1.02 0.421 1.00 0.99, 1.02 0.421

BMI <0.001 0.021 0.004 0.004

Underweight 1.00 1.00 1.00

Normal weight 1.77 1.18, 2.65 0.005 1.68 1.11, 2.55 0.014 1.69 1.12, 2.58 0.013

Overweight 1.51 0.94, 2.42 0.085 1.39 0.85, 2.27 0.184 1.40 0.85, 2.28 0.179

Obese 2.84 1.82, 4.44 <0.001 2.48 1.54, 4.01 <0.001 2.49 1.54, 4.02 <0.001

Missing 1.45 0.91, 2.31 0.113 1.34 0.82, 2.16 0.239 1.34 0.82, 2.17 0.235

Gender <0.001 0.019 0.01 0.008

Female 1.00 1.00 1.00

Male 1.90 1.42, 2.53 <0.001 1.50 1.10, 2.04 0.01 1.51 1.11, 2.06 0.009

Comorbidities <0.001 0.110 <0.001 <0.001

None 1.00 1.00 1.00

One 7.94 3.87, 18.5 <0.001 7.23 3.45, 17.1 <0.001 7.23 3.45, 17.1 <0.001

Two 9.77 4.72, 22.9 <0.001 8.36 3.86, 20.3 <0.001 8.34 3.85, 20.2 <0.001

Three + 15.40 7.97, 34.4 <0.001 11.70 5.53, 28.1 <0.001 11.70 5.51, 28.1 <0.001

Transfusion modality 0.516 0.001 0.710

ICS 1.00 1.00

RBC 1.50 0.77, 3.40 0.277 1.28 0.63, 2.97 0.524

RBC & ICS 1.42 0.48, 4.13 0.52 1.57 0.51, 4.73 0.420

aR2 multivariable model = 0.151, multivariable model + Transfusion modality = 0.152. OR, odds ratio; biomarker and ratio data log base 2 transformed. LMR, Lymphocyte-

monocyte-ratio; NLR, Neutrophil-lymphocyte-ratio; BMI, body mass index; ICS, intraoperative cell salvage; RBC, allogeneic red blood cells; RBC&ICS, allogeneic red blood

cells and intraoperative cell salvage.
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analysis of surgical procedures, not considered here. The outcomes

considered in this study were chosen because they were previously

believed to be associated with TRIM and the clinical severity or

consequences (i.e., myocardial infarction vs. skin rash) were not

considered. It should be noted that due to the small effect size our

results (even though statistically significant), may not be clinically

relevant. Conservative ICD-10 coded outcomes and regression

analysis demonstrated a statistically significant difference that

should be explored in future research. We agree with Mukhtar

et al. that the collection of hospital data from databases, using

different formatting and software languages to assess adverse

transfusion-related outcomes, is indeed very challenging (44).

Current advances in artificial intelligence, database design and

statistical ability will make this a growing field and allow for new

insights into factors associated with TRIM.

Our study findings importantly direct future research. The

value of NLR as an inflammatory marker, when considering

associated diseases and immune competence is a growing field of

study (45). NLR is a definitive biomarker and an interesting field

for future TRIM research. Even though pre-operative monocyte

numbers were not associated with adverse outcomes in this

study, considering our earlier work, changes in monocyte

numbers peri-operatively (i.e., at one- and three days post-

operatively) may provide further insights during clinical outcome

studies. Valuable biomarkers during future peri-operative

transfusion research would include: lymphocyte numbers and

NLR when considering infection-related outcomes, lymphocyte
Frontiers in Anesthesiology 10
numbers when considering cardiovascular outcomes and NLR

when considering renal outcomes.

In conclusion, we demonstrated that routinely measured

pre-operative immune cell numbers are associated with post-

operative adverse outcomes in transfused patients. The clinical

association between cell numbers and ratios and adverse

post-operative outcomes identified in our study will be

valuable to consider in future research on immune modulation

during peri-operative transfusion. Pre-operative immune cell

numbers may be an important factor to consider when

studying the immune modulation seen in patients who

receive transfusion.
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