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ABSTRACT

Allogeneic blood transfusion is associated with transfusion reactions, infection
transmission, postoperative morbidity and mortality. Despite these known risks, reports
have indicated that more than one-third of patients undergoing elective coronary artery
bypass grafting surgery still receive allogeneic blood, and nearly 20% of blood
transfusions are associated with cardiac surgery.

The objective of this study was to develop and validate a clinical index to stratify
cardiac surgery patients according to their blood transfusion needs. Based on the
standards of measurement in clinical research, a valid clinical tool was developed for
predicting the need for blood transfusion in patients undergoing cardiac surgery. This
clinical tool consists of eight preoperative variables: preoperative hemoglobin, weight,
female sex, age, non-elective procedure, preoperative creatinine, previous cardiac
surgical procedure, and non-isolated procedure. The clinical tool was internally and

externally validated, and the results suggest that it should perform well at other

institutions.
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INTRODUCTION AND OVERVIEW

Allogeneic blood transfusion is associated with transfusion reactions, infection
transmission, postoperative morbidity and mortality. Despite these known risks, reports
have indicated that more than one-third of patients undergoing elective coronary artery
bypass grafting surgery still receive allogeneic blood, and nearly 20% of blood
transfusions are associated with cardiac surgery.

Several studies have identified preoperative variables that are associated with
the perioperative allogeneic blood transfusion; however, only a few studies have used
these variables to develop models for prediction of the exposure to transfusion in
patients undergoing cardiac surgery, and only two studies used the predictive models to
construct transfusion risk scoring systems for coronary artery bypass surgery patients.
These scoring systems are the only scoring systems available, but there are limitations
that make them less applicable to current practice.

The objective of this study was to develop and validate a clear and simple clinical
tool to stratify cardiac surgery patients according to their blood transfusion needs. This
tool may be used to guide the targeted application of blood conservation strategies, and
aid in designing randomized controlled trials (e.g. stratified randomization using a
prognostic factor) to test the effect of certain interventions on blood transfusion.

Primary data sources for the development of this index were: the cardiac surgery
clinical database and the cardiac anesthesia database at Toronto General Hospital,
Toronto, Ontario, Canada. The cardiac surgery clinical database at Sunnybrook and
Women’s College Health Science Centre, Toronto, Canada was used for cross-

validation of the index. Multivariable logistic regression modeling techniques were used



to appropriately select and weight the predictor variables for inclusion in the predictive
index and to assess the impact of the preoperative variables on the risk of exposure to
allogeneic blood transfusion.

This thesis is organized into five chapters and an appendix. Background
information about blood transfusion and blood conservation strategies in cardiac
surgery are discussed in chapter A. Chapter B discusses a systematic review of the
literature, and critical appraisal of currently available clinical indices that predict
allogeneic blood transfusion after cardiac surgery. Chapter C includes details of the
methods used to develop, validate and cross-validate the index. The results are detailed
in chapter D. Finally, chapter E states the conclusions of the study together with a
discussion about the implications and limitations as well as future research direction.
The thesis ends with the appendix which includes extra exhibits of data that may assist

in understanding certain aspects, but are not essential in the body of the thesis.



CHAPTER A

Blood Transfusion and Blood Conservation Strategies in Cardiac
Surgery: Current State of Knowledge

A.1. BACKGROUND

A.1.1. Historical Overview

In 1825 , Syng Physick performed the first known human blood transfusion *. In
1828, It was reported that Blundell performed the first successful human blood
transfusion to a patient with postpartum hemorrhage 2. The discovery of ABO blood
groups (A, B, and O by Karl Landsteiner in 1900 and AB by Von Decastello and Sturli in
1902) and the advances in the techniques of cross-matching, anticoagulation, storage
of blood and the establishment of blood banks made routine blood transfusion possible

®_ It was reported that the first blood bank was established in 1937 in the United Sates >.

A.1.2. Rates of Transfusion: Epidemiology

Approximately 60% to 70% of all blood products given to patients are transfused
at or near the time of operation > . Goodnough et al reported that approximately 10
million units of packed red blood cells (RBCs) were transfused in the United States in
1980 8. The number peaked at 12.2 million, and 11.4 million in 1986 and 1997

respectively &°.

A.1.3. Rates of Transfusion: Cardiac Surgery
Reports have indicated that more than one-third of patients undergoing elective
coronary artery bypass grafting surgery (CABG) still require allogeneic blood "°. It has

been estimated that 11% of red cell resources were used for transfusion support of



patients undergoing CABG in the United States ', and nearly 20% of blood transfusions
are associated with cardiac surgery '®'!. Previous studies showed that the rates of

blood transfusion during or after cardiac surgery ranged from 10% to 70% """'°.

A.1.4. Cost of Blood Transfusion

The estimated cost for the patient of one unit of packed red blood cells (PRBCs)
is US $250 to $550 2%, In 1996, Tretiak et al studied the cost of one unit transfusion of
PRBC in eight different institutions across Canada ?*. The mean cost of an allogeneic
transfusion was CD $210 per one unit of red blood cells. In a subsequent study by
Dranitsaris et al in 2000, the cost per one unit red blood cell transfusion was CD $261
% |n a meta-analysis conducted by Amin et al, the cost of one unit PRBC transfusion in
Canada had increased 24% from 1996 to 2000 %°. Table A.1 summarizes the results of

various studies.



Table A.1: Cost of PRBCs transfusion in various studies

Study Year Country Cost per Costin
Unit $CD*
Hadjianastassiou et al 2002  United Kingdom £090.06  $201.32
Kavanagh et al % 2001  United Sates of America  $316.00  $374.85
Cremieux et al *’ 2000 United Sates of America ~ $469.00  $567.11
Dranitsaris et al % 2000 Canada $261.30 $261.30
Cantor et al 1998  United Sates of America  $548.00  $706.17
Duffy & Tolley 2 1997  United Kingdom £033.73  $075.40
Kemper et al %° 1997  United Sates of America  $428.95 $518.68
Tretiak et al % 1996 Canada $210.00  $210.00
Forbes et al * 1991  United Sates of America  $374.00  $452.24

CD: Canadian Dollar, *: December 2004 conversion rate

A.1.5. Complications of Blood Transfusion

Complications of blood transfusion can be classified as immunogenic, infectious,
and complications related to massive blood transfusion *'. These complications are
summarized in Table A.2.

Several strategies have been developed to decrease transfusion rates and
therefore reduce the risks and cost of allogeneic blood transfusion. These strategies are

summarized in Table A.3 and the text below discusses each strategy in detail.



Table A.2: Blood transfusion-related complications

Risk
Immunogenic
Febrile non- hemolytic transfusion reactions
Acute hemolytic transfusion reactions
Delayed hemolytic transfusion reactions
Transfusion-related acute lung injury
Urticarial transfusion reactions
Anaphylactic transfusion reactions
Viral Transmission
Hepatitis B virus
Hepatitis C virus
Human Immunodeficiency virus
Human T-Lymphocyte viruses | and Il
Massive-Transfusion-Related Complications
Coagulopathy
Citrate toxicity
Hypothermia

Acid-base disturbances

Electrolyte disturbances

Risk of Event *
1in 300

1in 40,000

1in 7,000

1in 5,000

1in 100

1in 40,000

1in 82,000
1in 3,100,000
1in 4,700,000

1in 3,000,000

* From the Bloody Easy Guide for Blood Transfusion Medicine




Table A.3: Blood conservation strategies in cardiac surgery

1. Preoperative autologous blood donation

2. Use of erythropoietin with and without preoperative autologous blood donation
3. Intraoperative use of antifibrinolytic agents

4. Cell salvage (intraoperative & postoperative recovery of blood )

5. Acute normovolemic hemodilution

A.2. BLOOD CONSERVATION STRATEGIES IN CARDIAC SURGERY

A.2.1. Preoperative Autologous Blood Donation (PABD)

Autologous blood donation entails that the patient donates his or her own blood
for an elective operation 1-2 weeks prior to surgery. In fact, the participation in PABD
was less than 5% in patients undergoing elective operations **. However, when it was
recognized that HIV could be transmitted by blood transfusion, 50% to 75% of the
patients undergoing elective surgery participated in PABD, and as a result, 1 of every

12 blood units collected in the United States was the result of PABD **.

Goodnough et al reported several advantages of PABD: 1) it reduces the risk of
infection transmission particularly viral transmission, 2) avoids red cells
alloimmunization, 3) supplements blood resource, and 4) provides a compatible blood
for patients with alloantibodies 8. However, PABD is not free of disadvantages.
Goodnough et al reported that PABD does not eliminate the risk of bacterial
contamination, does not eliminate the risk of administrative errors resulting in ABO

incompatibility and results in discarding of the blood that is not transfused 8.



The effect of PABD on the risk of exposure to perioperative allogeneic blood
transfusion has been studied in many randomized controlled clinical trials (RCTs) 2.
In a meta-analysis by Henry et al, the overall effect of PABD led to a significant
reduction in the risk of exposure to allogeneic blood transfusion : Relative Risk (RR)
=0.37, 95% Confidence Interval (Cl) : 0.26,0.54; p-value < 0.0001 ** . Because of the
poor methodological quality of the included trials, Henry et al concluded that, a large
high quality RCTs are required to examine whether or not the benefits of PABD

outweigh the risks **.

Cost-effectiveness of PABD has been evaluated in patients undergoing CABG
surgery ** The preoperative donation of two units was estimated to have a cost of US
$500,000 per quality-adjusted life-year. In comparison, most commonly accepted
medical and surgical interventions have a cost of less than US $50,000 per quality-
adjusted life-year *°. Reduced cost-effectiveness of PABD and reduced risk of
transmission of viral infection by allogeneic blood have lead to re-evaluation the

practice of PABD #¢8,

A.2.2. Use of Erythropoietin with and without PABD

Erythropoietin (EPO) is a glycoprotein hormone that stimulates erythropoiesis
and is the primary regulator of red blood cells production **°. It is available in the
recombinant form which has been shown to be identical to the endogenous form °'.
EPO increases hematocrit when given without autologous blood donation °2. Therefore

there is a potential risk of thromboembolic complications. Messmer et al reported that



autologous donation is recommended to be undertaken if the hematocrit rises over 50%
during EPO therapy so as to reduce the risk of thrombotic complications 3.

In a meta-analysis by Laupacis et al the odds ratio (OR) for the proportion of
patients transfused with allogeneic blood in studies of EPO to augment autologous
donation was (OR=0.42, 95% CI: 0.28, 0.62; P < 0.0001) for orthopedic surgery and
(OR=0.25, 95% ClI: 0.08, 0.82; P = 0.02) for cardiac surgery >*.

The cost-effectiveness of the use of EPO in cardiac surgery has been addressed
in two studies based on decision analysis models °>°®. Both studies concluded that the
use of EPO to reduce the risk of exposure to allogeneic blood transfusion was not cost-
effective. Therefore, although EPO administration before cardiac surgery is associated
with a significant reduction in the risk of exposure to allogeneic blood transfusion,

further cost effectiveness studies are warranted to justify its use.

A.2.3. Intraoperative use of Antifibrinolytic Agents
A.2.3.a. Aprotinin

Aprotinin is a serine protease inhibitor that possesses anti-fibrinolytic properties
3758 Beside its anti-fibrinolytic properties, Mohr et al documented that aprotinin exerts

an indirect preservative effect on platelet function during extracorporeal circulation *°.

The effect of aprotinin in reducing the need for allogeneic blood has been studied
in a large number of randomized clinical trials. To date there are four large systematic

reviews of these trials. These systematic reviews included up to 62 randomized

60-63

controlled clinical trials and demonstrated a significant effect of aprotinin in



reducing the need for allogeneic blood transfusion after cardiac surgery. Results of

these systematic reviews and meta-analyses are summarized in Table A.4.

Table A.4: Summary of the effect size of aprotinin in various meta-analyses

Number | Number | Summary | Lower 95% | Upper 95%
Outcome of of Estimate | Confidence | Confidence | P-Value
Studies | Patients Limit Limit
A (Henry etal ) 55 6569 | RR0.69 0.64 0.76 | <0.001
H (Henry et al ) 62 7027 | RR0.70 0.64 0.76 <0.001
| (Henry et al ) 25 2764 | RR-1.08 -1.47 -0.69 <0.001
H (Laupacisetal ®') | 45 5808 | OR 0.31 0.25 0.39 <0.001
A (Levi et al ®%) 40 4821 | ORO0.37 0.32 0.42 <0.001
A (Munoz et al %) 46 3781 | ORO0.28 0.22 0.37 <0.001

RR: Relative Risk, OR: Odds Ratio

A: Number of patients exposed to allogeneic blood (cardiac surgery)
H: Number of patients exposed to allogeneic blood (all surgeries)

I: Number of units of blood transfused

A.2.3.b Epsilon Aminocaproic Acid and Tranexamic Acid

Epsilon Aminocaproic Acid (EACA) and Tranexamic Acid (TXA) are synthetic
lysine analogs that inhibit fibrinolysis ®*. TXA is however, a more potent drug than EACA
6455 In cardiac surgery, the effect of EACA on blood loss has been studied in several
randomized clinical controlled trials ®*"*. Munoz et al reviewed these trials and
concluded that EACA has a significant effect in reducing blood loss after cardiac

surgery .

10



The effect of EACA in the exposure to allogeneic blood has been addressed in
several randomized trials %¢°%7%"" Henry et al pooled these trials which included a total
of 208 participants, of whom 106 were randomized to EACA and 102 were randomized
to a control group. Henry et al reported that there was no statistically significant effect of
EACA in reducing the need for allogeneic blood transfusion (RR=0.48, 95%CI: 0.19,
1.19) ®°. Laupacis et al found similar results where EACA did not have a statistically
significant effect on the proportion of patients transfused (OR=0.20, 95% CI: 0.04,1.12;

P =0.07)°%.

Many trials have compared TXA with control in cardiac surgery ®7%""7>%7 Henry

etal conducted a meta-analysis that included 15 randomized controlled clinical trials .
These trials included a total of 1151 patients, of whom 661 were randomized to TXA

and 490 were randomized to a control group. Henry et al concluded that the use of TXA
significantly reduced the need for allogeneic blood transfusion (RR=0.71, 95%ClI: 0.57,

0.88) .

A.2.4 Cell Salvage (Intraoperative and Postoperative Recovery of Blood)

Carless et all defined cell salvage as a term that covers a range of techniques
that scavenge blood from operative fields or wound sites, and re-infuse the blood back
into the patient 2.

In cardiac surgery, many clinical trials have evaluated the effectiveness of cell
saving techniques in reducing the exposure to blood transfusion 8%, These trials have

been recently systematically reviewed by Carless et al ®. The pooling of 21 clinical trials

involving CABG patients showed significant effect of cell saving techniques in reducing

11



the exposure to blood transfusion (RR= 0.76, 95% CI: 0.68, 0.88; P=0.0001). Although
cell salvage has been shown to be effective in reducing the risk of exposure to
allogeneic blood transfusion; it has disadvantages which include: dilutional

coagulopathy, air embolism and bacterial contamination *2.

A.2.5 Acute Normovolemic Hemodilution

Acute normovolemic hemodilution (ANH) was described by Goodnough et al to
be the approach that entails the removal of whole blood from the patient immediately
before surgery and simultaneous replacement with an acellular fluid, such as crystalloid
and colloid, to maintain normovolemia 8 Blood is collected in standard blood bags
containing anticoagulant, and re-infused when indicated 2. In a report of the American
Society of Anesthesiologists Task Force on Blood Component Therapy, ANH has been
suggested as an inexpensive and effective mean of reducing allogeneic blood exposure
106.

Goodnough et al stated the following advantages of ANH over PABD: first, the
units procured by hemodilution do not require testing, so the costs are substantially
lower than those of PABD, second, since the units of blood are not moved from the
operating room, the possibility of an administrative error that could lead to ABO-
incompatible blood transfusion is theoretically eliminated, as is the risk of bacterial
contamination, third, blood obtained by ANH does not require additional investment of
time by the patient since it is done at the time of surgery, nor does it prolong the

duration of surgery or anesthesia °.

12



The effectiveness of ANH in reducing the risk of exposure to allogeneic blood
transfusion has been addressed in several randomized clinical trials **'°"""* In a meta-
analysis by Bryson et al, the overall effect of ANH significantly reduced the risk of
exposure to allogeneic blood transfusion (OR=0.51, 95% Cl: 0.26, 0.99) ''2. However,
the results of this meat-analysis should be carefully interpreted as majority of the
included studies had methodological concerns (e.g. blinding).

A.3. TRANSFUSION THRESHOLDS FOR GUIDING ALLOGENEIC BLOOD
TRANSFUSION

In a recent systematic review on the transfusion thresholds and other strategies
for guiding allogeneic blood transfusion, Hill et al stated that several published
guidelines have advised against a single threshold for red cell transfusion,
recommending that a range of hemoglobin values between 60 and 100 g/L can be used,

depending on the presence of serious comorbidity ''°.

In cardiac surgery, Bracey et al conducted a large RCT where 428 patients
undergoing elective CABG were randomized to patients receiving transfusion at
hemoglobin level less than 80 g/L (intervention group) and patients receiving transfusion
on instruction of their individual physicians (control group). The intervention group had
significantly less blood transfusion (p = 0.005) ™. Additionally, there was no significant
difference in morbidity and mortality rates between the two groups. Therefore, Bracey et
al concluded that a lower hemoglobin threshold of 80 g/L does not adversely affect

patient's outcome *.

13



In critically ill patients, on the other hand, Hebert et al conducted a large
randomized controlled clinical trial, where 838 patients were randomized to a restrictive
strategy (transfusion at hemoglobin less than 70 g/L) and a liberal strategy (transfusion
at hemoglobin less than 100 g/L) '*°. They reported that the overall, 30-day mortality
was not significantly different between the two groups (18.7% versus 23.3%, P=0.11).
The mortality rates during hospitalization were lower in the restrictive strategy group
(22.2% versus 28.1%, P=0.05). They also reported that, other mortality rates including
the mortality rate during the entire stay in the intensive care unit (13.9 % versus 16.2 %,
P=0.29) and the 60-day mortality rate (22.7 % versus 26.5 %, P=0.23) were also lower
in the restrictive strategy group. Hebert et al concluded that a restrictive strategy of red-
cell transfusion is at least as effective as and possibly superior to a liberal transfusion
strategy in critically ill patients, with the possible exception of patients with acute

myocardial infarction and unstable angina "*°.

A.4. GUIDELINES FOR BLOOD TRANSFUSION

There have been several guidelines for blood transfusion including that for
cardiac surgery '%1'¢'23 - Goodnough et al stated that these guidelines recommend
blood not to be transfused prophylactically, and suggest that in patients who are not
critically ill, the threshold for transfusion should be hemoglobin of 70 to 80 g/L and a
hemoglobin level of 80 g/L seems an appropriate threshold for transfusion in surgical
patient with no risk factors of ischemia, whereas a threshold of 100 g/L can be justified

for patients who are considered at risk *'"°.
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A.5. MAGNITUDE OF THE PROBLEM

Blood transfusion needs significantly increase with older age, female sex, urgent
operations, and comorbid diseases '"'>"°. A report from the Society of Thoracic
Surgeons national adult cardiac database committee and the Duke Clinical Research
Institute in 2002, examined the trends in risk profile of 1,154,486 patients who
underwent isolated CABG at 522 participant sites in the United States and Canada
during the decade 1990 to 1999 '?*. It showed that the number of annual CABG
procedures performed increased progressively from 1990 to 1997, with 22,945 and
190,552 CABG procedures performed respectively. Although these numbers decreased
to 178,763 and 136,330 CABG procedures in 1998 and 1999 respectively, the numbers
of CABG procedures performed on patients older than 65 years of age progressively
increased from11, 770 in 1990 to 104,369 in 1997, and 99,657 in 1998 "**. The report
also showed that, over time, patients were more likely to be older, of female sex, and

have more comorbidity ( p < 0.05) "2,

In a Canadian study by Abramov et al, trends in CABG surgery were examined
over 9 years (from 1990 to 1998) in a total of 4,839 patients who underwent isolated
CABG surgery '®. The annual number of patients undergoing CABG surgery increased
progressively from 320 in 1990 to 932 in 1998. Abramov et al concluded that the later
time cohort showed significant increase in age, female gender, diabetes mellitus, renal

failure, peripheral vascular disease and urgent procedures ( p <0.05) %,
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A.6. PREDICTING THE EXPOSURE TO ALLOGENEIC BLOOD TRANSFUSION IN
CARDIAC SURGERY

Predicting blood transfusion in cardiac surgery is important for many reasons: it
provides patients with important information about their transfusion—related risks, helps
the medical team to anticipate patients' transfusion needs and guides the clinician in
ordering additional tests; both hematological and non-hematological. Furthermore, it
guides consultation of the appropriate medical services (e.g. hematology) and provides
better blood resource allocation. Because blood preparation takes time; predicting blood
transfusion needs will help clinicians to order blood in advance and avoid unwanted
delays. Several strategies have been developed to reduce the rates of the exposure to
allogeneic blood transfusion in cardiac surgery. They include preoperative autologous
blood donation, intraoperative use of antifibrinolytic agents, cell salvage, and acute
normovolemic hemodilution. As several of these strategies are expensive, targeting
their use to the identified high risk groups (of being exposed to allogeneic blood
transfusion) would be more cost-effective ®°. Therefore, a predictive scoring system that
will guide the application of such strategies in the target risk groups, and that would
potentially reduce total cost of care is needed. For example, indiscriminate use of PABD
in patients undergoing CABG surgery is not cost-effective. The estimated cost of PABD
is US $508,000 to US $909,000 per quality-adjusted life-year **. In comparison, most
commonly accepted medical and surgical interventions have a cost of less than US
$50,000 per quality-adjusted life-year as reported by Birkmeyer et al ** . By stratifying
patients according to the risk of transfusion and using PABD only for those at high risk

for transfusion, it will be possible for PABD to be more cost-effective. Furthermore,
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some blood tests (e.g. cross-matching) can be potentially eliminated for patients in the
identified low-risk group, which can reduce cost and improve blood bank efficiency as

suggested by Karkouti et al ™

. In addition, such a scoring system may be useful in
designing randomized clinical trials to test the effect of certain interventions on blood
transfusion. Both the decision concerning which patient to randomize and the design of

randomization process (for example, stratified randomization using prognostic factors)

are aided by the availability of accurate prognostic estimates before randomization '%°.
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CHAPTER B

Currently Available Clinical Indices for the Estimation of the Risk
of Exposure to Allogeneic Blood Transfusion in Cardiac Surgery:
Review and Critical Appraisal

B.1. LITERATURE SEARCH

All studies, in which a predictive scoring system was constructed, were included
in this review. A predictive scoring system is defined as a decision-making tool for
clinicians that includes relevant variables obtained from history, physical examination,
or diagnostic tests and that provides a probability of an outcome '#’. The outcome of
interest was the probability of exposure to allogeneic blood transfusion during or after
cardiac surgery (binary outcome: YES/NO).

Studies were identified by searching MEDLINE, EMBASE and the Cochrane
Controlled Trial Register (CCTR) on the Cochrane Library from the earliest achievable
date of each database to November 2004, supplemented by manual search of
reference lists of retrieved studies. No language restrictions were applied. The following
terms and keywords were used: erythrocyte transfusion OR blood transfusion OR blood
component transfusion OR [blood AND transfusion] AND [score OR scoring system OR
rule OR index OR tool OR measurement OR instrument] AND [predict OR predicting

OR prediction].
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B.2. RESULTS

Several studies have identified preoperative variables that are associated with
perioperative blood transfusion; however, only ten studies have used these variables to
develop models for prediction of blood transfusion after cardiac surgery ''%'?®  These
studies are summarized in Table B.1. Of these studies, only two used the predictive
model to construct a risk scoring system: Magovern et al '® Transfusion Risk Scoring
System (MTRS) and Litmathe et al ' Transfusion Risk Scoring System (LTRS). (Table

B.2 and Table B.3).
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Table B.1.: Studies that developed models for predicting the need for blood transfusion during or after
cardiac surgery

Study Population Data Statistics Outcome Transf-  Variables in final model Accuracy
collection usion of final
rates model
Cosgrove ° 441 Clinical Logistic Blood RBC volume, age Not
1985 consecutive database regression, transfusion 10% reported
first-time not validated during total
CABG perioperative
cases by 1 period
surgeon
(1981)
Bilfinger 12 467 Clinical Logistic Blood Preoperative Hct, age, sex, weight 90%
1989 consecutive database regression, transfusion 44 1% sensitivity
first-time cross validation during total
CABG perioperative
cases at 1 period
hospital
(1985-88)
Ferraris '%® 159 Clinical Logistic regression  Blood Bleeding time, and RBC volume
1989 consecutive database transfusion of
CABG cases more than 5
at 1 hospital units of
performed by PRBC
one surgeon
Magovern 6 2455 Clinical multivariate Blood Sex, age, body mass index, PVD, 0.78 area
1996 consecutive database regression, transfusion 60% diabetes, RBC mass, LVF, under ROC
CABG Prospective during total reoperation, curve
cases at 1 validation perioperative albumin level, renal dysfunction,
hospital (422 period Cardinogenic shock, emergency
(1992-94) patients) operation, urgent operation,
catheterization problem
Surgeonor " 3252 Discharge Logistic regression.  Blood Admission Hct, age, sex, 87%
1998 consecutive record Prospective transfusion 68% reoperation, smoking, coagulation sensitivity,
CABG, 5 validation 741 during total defects, diabetes with renal 45%
hospitals patients perioperative dysfunction, recent MI, disasters, specificity
period hospital
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Table B.1. Continued: Studies that developed models for predicting the need for blood transfusion during or
after cardiac surgery

Study Population Data Statistics Outcome Transf-  Variables in final model Accuracy
collection usion of final
rates model
Karkouti ™ 1007 Clinical Logistic regression, Blood Preoperative Hemoglobin, age, sex, 0.86 area
2001 consecutive database Prospective transfusion 29.4%  weight under ROC
elective first- validation on the day of curve
time CABG at surgery or
one hospital one day after
Parr " 600 Prospectiv  Logistic regression  More than 2 Age , Creatinine, low surface Not
2003 consecutive e collection units area, ,lower bypass temperature reported
congenital transfusion
and acquired all blood
cardiac products
surgery
patients
Litmathe " 400 Clinical Logistic regression  Blood Emergency operation, Cardinogenic  Not
2003 consecutive database transfusion 33% shock, urgent operation, LVEF<.35, validated
CABG at 1 during total anemia, age>70, female sex,
hospital perioperative Creatinine>1.6mg/dI, redo
(1999) period operation, IDDM.
Ouattara ' 335 Clinical Logistic regression  Blood 42% Preoperative Hemoglobin, Not
2003 consecutive database transfusion Emergency operation, Reoperation, validated
CABG at 1 during total COPD, and Complex surgery
hospital perioperative
period
Moskowitz " 307 Clinical Logistic regression  Blood 11% RBC mass, Type of operation,
2004 consecutive database transfusion Urgency, Number of diseased
CABG and during total vessels, Preoperative Prothrombin
valve patients perioperative time, and Creatinine
at 1 hospital period

CABG: Coronary Artery Bypass Grafting, Hct: Hematocrit, MI: Myocardial Infarction, PVD: Peripheral Vascular Disease,
RBC: Red Blood Cell, LVF: Left Ventricular Function, LVEF: Left Ventricular Ejection Fraction, IDDM: Insulin-Dependent
Diabetes Mellitus, COPD: Chronic Obstructive Pulmonary Disease, RBC: Red Blood Cell
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Table B.2: Magovern Transfusion Risk Score (MTRS)*

Predictor

Score

Emergency operation

Cardiogenic shock

Urgent operation

Catheterization —induced coronary occlusion
Low body mass index

Left ventricular ejection fraction <0.30
Age>74y

Female sex

Low red cell mass

Peripheral vascular disease
Insulin-dependent diabetes

Serum creatinine >1.8 mg/dL (159 ymol/L)
Serum albumin < 4.0 g/dL (40g/L)

Redo operation

2, a2 aAaaAaNDNNNNOLWOWWDS

* Magovern et al '® (1996)

Table B.3: Litmathe Transfusion Risk Score (LTRS)*

Predictor

Score

Emergency operation

Cardiogenic shock

Urgent operation

Left ventricular ejection fraction <0.35
Anemia

Age>70y

Female sex

Serum creatinine >1.6 mg/dL (141 ymol/L)
Redo operation

Insulin-dependent diabetes mellitus

N2 WwWwiNhW s

* Litmathe et al ' (2003)
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B.3. CLINIMETRIC PROPERTIES AND METHODOLOGICAL QUALITY
ASSESSMENT

Clinimetric properties of the prediction indices were evaluated using the

| 2° and Feinstein "° . They include item

standards recommended by Kirshner et a
generation, item reduction, administration, coding, scoring, sensibility, reliability and
validity. Furthermore, methodological quality was assessed according to the criteria

| 3" and recently modified by Laupacis et al '*’. The

recommended by Wasson et a
main changes made by Laupacis and colleagues were: increased emphasis on
prospective validation, reliability of predictive variables, sensibility of derived rules, and

guidance through the course of action rather than presenting a probability (Table B.4).

Table B.4: Methodological standards for clinical prediction indices*

Outcome

Definition

Clinically important™*

Blind assessment when appropriate
Predictive variable

Identification and definition

Blind assessment
Important patient characteristics described
Study site described
Mathematical technique described
Results of the rule described
Reproducibility

Of predictive variable**

Of the rule**
Sensibility

Clinically sensible**

Easy to use**

Probability of disease described**

Course of action described™*
Prospective validation
Effect of clinical use prospectively measured

* Laupacis et al "', (1997)
** Included in the original methodological standards for prediction rules developed by
Wasson et al "', (1985)
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B.3.1. ltem generation and reduction

Item generation refers to the approach used to bringing together a set of relevant
variables (items) that might plausibly be included in the index (e.g. literature search),
and item reduction refers to deletion of those items from the first version of an index that
do not contribute to, or detract from, the usefulness on the index (e.g. statistically
insignificant variable).

In the MTRS the items were generated using variables previously described as
having association with blood transfusion (e.g. anemia, female sex, older age and small

1213128 "and the clinical judgment of surgeons. Variables initially were

body-size)
reduced to variables that were known prior to operation (preoperative variables). The
remaining variables were then further reduced by using forward stepwise multivariable
logistic regression. The developers did not mention specifically what statistical approach
they adopted to keep variables in or remove them from the model. However, according
to the published manuscript, all included variables in the final model were statistically
significant (P-value < 0.05), indicating that the developers kept only the statistically
significant variables that independently predicted transfusion. In the LTRS, on the other
hand, variable generation was not described, and variables were reduced using a

forward stepwise multivariable logistic regression. Only statistically significant (P-value <

0.05) were kept in the model.
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B.3.2. Administration, Coding and scoring

Administration refers to the approach used to administer an index to the
consumer (e.g. physician). Coding and scoring refer to the approach used to code and
assign weights (scores) to individual items in an index.

The final model included fourteen variables in the MTRS and ten variables in the
LTRS. Regression coefficient and odds ratios were given for each variable. Independent
predictive preoperative variables from the regression analysis were then used to
generate a transfusion risk scoring system. Each variable in both scoring systems was
given a specific weight based on its associated regression coefficient, odds ratio, and
clinical relevance as judged by the surgeons. The MTRS and LTRS are additive
algorithms to give single overall score ranging from 0 to 28 in the MTRS and from O to
21 in the LTRS. Clinicians use the measures by adding up the scores associated with
variables in a given patient to get overall score. The overall score is then used to stratify
patients from low to high risk as follows: low risk (0-1), intermediate risk (2-6), and high
risk (7 or more) in the MTRS, and low risk (0-2), intermediate risk (3-7), and high risk
(more than 7) in the LTRS. From the manuscripts, it is not clear how the developers of
either scoring system assigned scores to variables and although it was mentioned that
scores were based on beta coefficients, odds ratio, and clinical relevance, it was
expected that either regression coefficients or odds ratios would be rounded to the next
integer and used as a score '*2. Furthermore, authors did not describe how the risk cut-

points were assigned.
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B.3.3. SENSIBILITY

Sensibility of a clinical index refers to whether or not the index makes a clinical
sense (a mixture of common sense, knowledge of pathophysiology, and clinical
reality)'*. Components of sensibility are: purpose of the clinical index, face validity,
content validity and feasibility. A systematic approach was used to evaluate the
sensibility of the MTRS and LTRS based on the recommendations of Feinstein "** and

Laupacis et al '%’.

B.3.3.a. Purpose

The purpose of the MTRS and LTRS was prediction and that was clearly
addressed by the developers; the attribute was “risk of exposure to blood transfusion
during or after CABG surgery”. Predictive variables were given clear definitions and the
study site was a teaching, tertiary care hospital in both scoring systems. Patients
included were patients undergoing isolated CABG surgery. No restrictions were applied

to patients' demographic characteristics or urgency of the operation.

B.3.3.b. Face validity

Face validity is concerned with the judgmental appraisal of the surface of the
instrument without profound attention to its component parts '**. The MTRS and LTRS
were designed to be used by the medical team caring for CABG patients. Variables are
logical and make biological sense in their association with the risk of exposure to
allogeneic blood transfusion. The first four variables in the MTRS seem to be
addressing the same clinical phenomenon namely urgency of the operation, for

example, emergency operation (first variable) and catheterization-induced coronary
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occlusion (fourth variable). Both of these variables are emergency conditions. Therefore,
the fourth variable seems to be collinear with the first and might have been more

practical to be presented as a combined variable.

B.3.3.c. Content validity

Content validity, as opposed to face validity, is the assessment of underlying
components of an index 3. The MTRS and LTRS were developed retrospectively from
clinical databases that were not designed specifically for these scoring systems. The
developers did not give details on the missing data within the database and their extent.
Furthermore, database validation and verification of data accuracy were not addressed.
Ideally, developers should have used and reported ways to assess database accuracy
such as re-abstracting a random sample of a given percentage of the medical records of
CABG patients and comparing all outlying values to patients’ records to identify and
correct errors. The developers specified relevant variables statistically by using
multivariable logistic regression. The developers kept only the statistically significant
variables in the final predictive models. This approach may render models to be
clinically less relevant. Clinical judgment is an important component and needs to be
incorporated in the decision to keep variables or remove them from the model.

The developers did not give enough details in the published manuscripts about
the modeling process, issues of collinearity, interaction and over-fitting of the models.
Nevertheless the developers of the MTRS indicated that the model's calibration was
assessed by the Hosmer-Lemeshow goodness-of-fit statistic with an associated P-value

of 0.885. This indicates adequate fit as the Hosmer-Lemeshow goodness-of-fit statistics
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compares the predicted probability with actual probability within population subgroups

(i.e. the larger the p-value, the better the fit) **. The developer of the LTRS did not

address the model calibration or fit. Table 5 summarizes the statistical details of the

contents of both scoring systems.

Table B.5: Statistical details of Magovern et al, and Litmathe et al studies

Study | Adjusted R-Coefficient Adjusted Odds Ratio P-Value
Magovern'™ | Litmathe™ | Magovern™ | Litmathe™ | Both

Variable studies
Emergency 2.083 1.98 7.6 6.9 <0.01
operation
Cardiogenic shock | 1.547 1.46 4.6 4.5 <0.04
Urgent operation 1.46 1.22 4.3 4.2 <0.01
Left ventricular 1.357 1.45 3.9 3.7 <0.01
ejection fraction
<0.35
Anemia 1.144 1.12 2.0 2.1 <0.01
Age* 0.912 1.01 1.9 1.8 <0.01
Female sex 0.675 0.55 1.9 1.6 <0.01
Serum creatinine 0.624 0.48 1.6 1.4 <0.01
Redo operation 0.614 0.48 1.8 1.4 <0.02
Insulin-dependent | 0.579 0.46 1.7 1.2 <0.02
diabetes mellitus
Catheterization- 2.098 Notincluded | 3.6 Not included | <0.01
induced coronary
occlusion
Body Mass Index 0.983 Notincluded | 1.9 Not included | <0.01
Peripheral vascular | 0.655 Not included | 1.9 Not included | <0.01
disease
Serum albumin 0.492 Notincluded | 1.5 Not included | <0.01

* Age >74 y in MTRS and Age>70y in LTRS
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B.3.3.d. Feasibility

The included variables and their aggregate scores are easy to understand and
apply. Calculations do not require special tests or skills. The time spent to use the
MTRS and LTRS does not seem to be an issue due to the simplicity of the calculations.
An actual percentage of the risk of receiving blood transfusion would be more
informative; however, the clinical application of logistic regression model would require
a calculator. The developers chose selected cutoff values in the MTRS and LTRS and
the variables were simplified (by categorization) to allow development of a simple rule

for use in the routine clinical practice.

B.3.4. RELIABILITY
Reliability refers to the consistency across repeated measurements. The MTRS
and LTRS are clinimetric indices that include unrelated clinical variables; therefore it is

important to discuss the reliability of these variables individually.

B.3.4.a. Emergency operation, Urgent operation, Cardiogenic shock, Peripheral
vascular disease

In the MTRS and LTRS, each one of the above clinical conditions (variables) was
given a specific definition. However, these definitions were, for the most part, subjective
and institution-dependent which may limit their generalizability. Additionally, definition
variation may affect reliability of the data. Sources of variations include: first, the within
clinician variation, as the same clinician may have two different clinical judgments about
the same clinical problem at two different times. Second, the between-clinician

variations, as two different clinicians may have two different opinions about the same
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clinical problem. The third source of variation is the between-institution variations. For
example, in the MTRS, emergency operation was defined as a procedure performed on
a patient in unstable condition and refractory to all forms of therapy. At our institution
(Toronto General Hospital), an emergency operation is defined as an operation that
needs to be done within 12 hours of hospitalization. The fourth source of variation is the
complexity of such clinical conditions, as there are often multidisciplinary teams involved
in the clinical decision process. All of the above mentioned sources of variation
emphasize the difficulty in reproducing the definitions of these clinical conditions.

Therefore, reliability is adversely affected.

B.3.4.b. Left Ventricular Ejection Fraction (LVEF)

There are three methods of estimating LVEF: first, contrast ventriculography
(CVG), which is considered to be the gold standard method. Rogers et al "*°> showed
that the correlation coefficient between repeated measurements by two different
observers was 0.99 (inter-rater reliability). The correlation coefficient is an indicator of
the overall fit of the least square line fitted through the plotted points between first and
repeated measurements. Such high correlation was confirmed by other studies ">>'3°.
The second method of measuring LVEF is radio-nucleotide ventriculography (RNVG),
which has gained wide-spread use because of its reliability (correlation coefficient >
0.95), accuracy, and non-invasive nature >""*°. The third method is echocardiography
(ECHO), which is the least invasive; however, it is operator dependent. In the literature
CVG and RNVG are considered as reference methods against which echocardiography

is compared. In a recent systematic review conducted by McGowan et al '*°, twenty-five

studies comparing ECHO to reference methods, were identified. The reported
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correlation coefficient between ECHO and the other reference methods ranged from 0.6
to 0.98. The consistency across repeated assessments in different studies with different

measurement methods indicates reliability.

B.3.4.c. Hemoglobin, creatinine, and albumin levels

Hemoglobin assessments are used widely to screen individuals for anemia. The
conventional method of measuring hemoglobin is reliable. It has been shown that the
correlation coefficient between repeated measurements is greater than 0.95 ',

Serum creatinine is the most widely used laboratory test to assess kidney
function and repeated measurements are reliable in stable kidney function with
correlation coefficient of more than 0.90 2. Sources of variations include unstable renal
function, muscle mass and age.

Albumin is a protein synthesized by the liver. Albumin is reliable in stable clinical
conditions with correlation coefficients of more than 0.80 '**'**. There are various
sources of variations that could alter the albumin level. Most of these sources are within
patient variability. They include nutritional status, hepatic impairment and renal

impairment 43144,

B.3.4.d. Gender, Redo Operation, Presence of Diabetes, Age and Low Body Mass
Index

Gender, redo operation and presence of insulin- dependent diabetes mellitus are
binary variables (YES/NO), and they are fixed over time. Therefore, their reliability is
expected to be high. Recording error is a potential source of variability. Age and low
body mass index are potentially less reliable than the former variables. Variations could

result from date of birth associated errors (for age), and protocols used for weighing,
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weighing scales, and errors in calculation or unit conversion (e.g. pound to kilogram for

body mass index).

B.3.5. VALIDITY

Validity is defined as the extent to which an instrument measures what it is
intended to measure. There are many ways of testing validity, the choice of which
depends on the purpose of measurement. Since the purpose of the MTRS and LTRS is
prediction of certain clinical outcome (exposure to allogeneic blood transfusion during or
after CABG), validity was assessed through face validity, content validity, and criterion

validity. Face validity and content validity were discussed under sensibility (see above).

B.3.5.a. Criterion validity
Criterion validity evaluates the relationship of the scale with other measures of
the phenomenon under study; ideally, a “gold standard”. Criterion validity is of two types:

concurrent validity and predictive validity '*°

. With concurrent validity the correlation is
made at the same time, on the other hand, with predictive validity, the criterion will be
available in the future '** which is the case in the MTRS and LTRS.

For the prediction of the criterion to be valid, the sample size has to be
appropriate to the data and number of predictive variables used in the model. General
guidelines have been suggested for the minimum number of events per variable (EPV)
required in the multivariable analysis. It is generally suggested that a minimum of ten
events per variable analyzed are required to maintain the validity of the model **'*8. In

the MTRS and LTRS, the rates of transfusion were 60% and 33% respectively, and the

number of events (blood transfusions) was more than 1000 and 132 respectively. If we
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apply the EPV rule (number of events / number of variables) to the MTRS and LTRS,
which included fourteen and ten independent predictive variables respectively, we get
an EPV much larger than 10 indicating adequate sample size.

There are generally three methods of validating predictive models: data-splitting,
cross-validation, and bootstrapping '*°. The LTRS was not validated. The developers of
the MTRS used a data-splitting technique, where a portion (80%) of the sample (n =
2,033) was used to develop the prediction index (training set), and the remaining portion
(20%) of the sample (n = 422) was used to validate the index (validation set). Such
splitting of the original sample to two parts carries two potential problems. First, it
reduces the sample size for developing the predictive model. Second, the validation is
in the same original dataset (i.e. same population) and that adversely affects the
generalizability of the resultant clinical index. The most stringent method of validation is
to externally validate the model in a different population. This validation method will test
whether the instrument was properly translated in another population and whether
cultural, geographical, or institutional variations make earlier findings non applicable.
The literature search did not reveal any external cross-validation studies for the MTRS,
and that leaves generalizability to be questioned.

The gold standard used for outcome is the exposure to allogeneic blood
transfusion. Since the gold standard is binary, it is important to choose a score cutoff
point in order to interpret the overall score in terms of the outcome categories. Receiver
operating characteristic (ROC) curves provide a method whereby the investigator can
select a cutoff point that optimizes the predictive ability of an index to those who receive

blood transfusion (i.e. sensitivity) and those who do not (i.e. specificity). Predictive
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accuracy then can be quantified by calculating the area under ROC curve. An area of
0.5 indicates no predictive discrimination and an area of 1.0 indicates perfect separation
of patients with different outcomes '*°. The MTRS had an area under ROC in the

validation group of 0.77 which indicates fair predictive accuracy.
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B.4. DISCUSSION

B.4.1. Theoretical framework and definition of the concept

The risk of exposure to allogeneic blood transfusion during or after cardiac
surgery (attribute) can be measured through the following categories (domains): 1)
demographic factors and factors associated with low preoperative red cell volume, 2)
emergency and unstable preoperative status, 3) comorbid conditions, and 4) others.

Demographic factors and factors associated with low preoperative red cell
volume include: advanced age, female sex, low body mass index and low preoperative
hemoglobin '*'*'2 Reduced red cell volume before the operation is exacerbated intra-
operatively due to blood loss associated with the surgery and hemodilution caused by
the extra crystalloid volume from the cardiopulmonary bypass circuit priming solution.
These factors lead to an increase in the likelihood of exposure to allogeneic blood
transfusion.

Emergency and unstable preoperative conditions before operation (e.g. arrest in
the catheterization laboratory) are related to the risk of transfusion as many of these
patients are anticoagulated or on antiplatelet medications at the time of operation.
Survival is the overwhelming issue and low hemoglobin is not desirable. Furthermore, in
such situations, there is little time for preoperative preparation and optimization of the
physiological status; thus, many of the blood-conservation strategies cannot be applied
14.

Comorbid conditions (e.g. diabetes mellitus and renal disease) are associated

with the risk of transfusion because they lead to increases in the postoperative morbidity
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and hospital length of stay which in turn, are associated with an increased need of
transfusion %1%,

Other variables that cannot be classified in the previous domains include type of
operation, cardiopulmonary bypass time and redo operations. Redo operations are
obviously associated with risk of transfusion because redo operations are technically

more difficult and blood loss is more likely than first-time operations '°2. This framework

is summarized in Table B.6.

Table B.6: Preoperative variables that have been shown to be associated with the
risk of getting blood transfusion during or after cardiac surgery: Theoretical
framework.

Domain Variable (item) Studies

Demographics

and factors Age 11-16,19
associated with  Preoperative hemoglobin 1119
low preoperative Female sex 11,12,14-16
red cell volume  Body mass index 16
Emergency and  Emergency operation 15.16,18,19
unstable Urgent operation 15-17,19
preoperative Cardiogenic shock 11,15,16
status Catheterization-induced coronary occlusion """
Comorbid Left ventricular ejection fraction 15,16
conditions Insulin-dependent diabetes mellitus 115,18
Renal dysfunction 11,15-17,19
Others Type of operation 153
Cardiopulmonary bypass time "
11,15,16,18

Redo operation
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B.4.2. Limitations of MTRS and LTRS

There are several factors that make the MTRS and LTRS less applicable to
current practice. First, because they were developed and validated (validation is only
applicable to the MTRS) at single institutions, it may not be possible to generalize their
use to other institutions. Furthermore, for the clinical index to be appropriately used, the
included variables have to be reproduced in the population to which it will be applied '%;
that is, the reliability of the index. Several variables in the MTRS and LTRS are not
reproducible in other institutions. An example is the definition of emergency operation
where it was defined, in the MTRS, as a procedure performed on patient in unstable
condition and refractory to all forms of therapy. At Toronto General Hospital (TGH), on
the other hand, emergency operation is defined as an operation that needs to be done
within 12 hours of hospitalization. This in turn precludes validating the MRTS and LTRS
at TGH.

Second, these scoring systems were limited to CABG patients. Such limitation
renders them to be inapplicable to other cardiac surgical procedures (e.g. valve,
combined procedures, and others).

The third limitation is related to the definition of follow-up period. Entire
hospitalization was used as the follow-up period in the MTRS and LTRS. Defining the
follow-up period to include the entire hospitalization is a major problem as follow-up time
is not equivalent for all patients which may lead to blood transfusions that are not
related to surgery. Magovern et al found that the occurrence of postoperative
complications after CABG surgery (e.g. sternal wound infection, systemic sepsis and

gastro-intestinal bleeding) was significantly associated with postoperative blood
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transfusion '®. Lithmathe et al reported similar findings '°. Karkouti et al critiqued using
transfusion at any time during the entire hospitalization as the outcome and suggested
limiting the follow-up period to one or two days after surgery *.

The fourth limitation is related to the statistical approach used. The MTRS and
LTRS were developed based on the forward stepwise multiple logistic regression
technique which kept only the statistically significant variables. This selection technique
has been criticized as it negates clinical judgment '*°. Clinical judgment and statistical
findings need to be combined in decision-making. That becomes even more important
when two or more variables are collinear (that is, both variables are measuring the
same phenomenon). Clinical judgment is applied to keep the variable that is more
important, feasible or easier to measure. The first four variables in the MTRS, for
example, measure the same clinical phenomenon (i.e. emergency condition). Therefore,
the risk of collinearity is increased. Some of these variables could be eliminated.
Thereby; avoiding collinearity and making the index more practical. Furthermore, scores
assigned to each variable in the MTRS and LTRS were based on odds ratios, clinical
judgment and regression coefficients. Harrell critiqued using odds ratios to generate
scores and suggested using regression coefficients '*>*. Moons et al critiqued a scoring
system that was based on odds ratios from a logistic regression model and stated that:
“because the clinical index was developed with logistic regression model which takes

the form: Logit(Y) = £, + £, X, + B, X, +....+ . X, , the formula shows that the predictive
variables X,, X,,...., X, are linearly and on an additive scale related to the outcome
Logit(Y), with relative weights g, f,,..., 5, , that is , the regression coefficients. For

logistic regression models, Moons et al stated that: for a particular subject with certain
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profile X,, X,,...., X, , the regression coefficients multiplied by the patients X values
simply may be added to obtain the Logit(Y), and with exponential transformation to get

probability of Y . The exponential form of the model is: Y = e’ xe/* xe/*? x .. . xe/*"

where e’ the odds ratio is (OR) for predictor X . The second formula shows that the
odds ratios are not supposed to be added but multiplied. Another major problem with
using odds ratios to assign scores to a predictor arises when predictors have an OR of

one, reflecting regression coefficient of zero, that is, no association with the outcome”

132

B.5. SUMMARY

Several studies have identified preoperative variables that are associated with
the perioperative blood transfusion. However, few studies have used these variables to
develop models for prediction of transfusion in patients undergoing cardiac surgery, and
two studies used these models to construct predictive scoring systems. Though the
MTRS and LTRS were the only scoring systems available, there are factors that make
them inapplicable to current practice. Therefore, further studies are required to develop
a transfusion risk score on the basis of methodological standards of measurement in

clinical research.
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CHAPTER C
Development and Validation of Transfusion Risk Understanding
Scoring Tool (TRUST) to Stratify Cardiac Surgery Patients
According to Their Blood Transfusion Needs

MATERIALS AND METHODS

C.1. OBJECTIVES

1- To measure the perioperative probability (in the operative and first postoperative
days) of allogeneic blood exposure according to predefined preoperative
variables (e.g. age, sex and hemoglobin level) in adult (age > 18 y) patients
undergoing cardiac surgery at Toronto General Hospital after taking into
consideration other factors (e.g. type of operation).

2- To construct a Transfusion Risk Understanding Scoring Tool (TRUST) to predict
the perioperative probability (in the operative and first postoperative days) of
allogeneic blood exposure.

3- To internally validate TRUST in a subset of the data.

4- To externally validate (cross-validate) TRUST at a different institution

(Sunnybrook and Women'’s College Health Science Centre).

C.2. STUDY DESIGN

A retrospective cohort study design was adopted. We acknowledge that a
prospective cohort study is theoretically a better study design as it gives the investigator
the opportunity to measure the exposure variables of interest and provides a clear

chronological sequence of events. However, for our objectives, a retrospective study
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design becomes more efficient as it provides similar information (as those with a

prospective design) with less cost and time.

C.3. TARGET POPULATION

The target population includes all consecutive adult patients (age> 18 y)
undergoing cardiac surgery at TGH between May 3, 1999 and June 29, 2004.

Excluded patients are: 1) Jehovah’s Witness patients, 2) those who participated
PABD, as they may be transfused at higher hemoglobin concentrations than the general
population '%°, 3) those who received preoperative erythropoietin as it may reduce the
need for allogeneic blood transfusion **, 4) off-pump cardiac surgery patients as this
surgical procedure is systematically different from on-pump procedures, and 5) heart
transplantation and mechanical assist device patients as most (if not all) of them receive

blood transfusion.

C.4. DEFINITION OF THE PRIMARY OUTCOME

Primary outcome was defined as the exposure to allogeneic blood transfusion
(i.e. PRBC transfusion) during the follow-up time (operative and first postoperative days).
This is a binary outcome that can take only YES or NO values. This outcome has been
used previously in many clinical studies that addressed predictors of blood transfusion
in cardiac surgery """, Selection of such an outcome provides a prediction of those
who will likely be exposed to blood transfusion. This in turn is important in providing a
primary prevention measures that may help avoiding blood transfusion and

consequently avoiding blood transfusion-related risks and cost.
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C.5. PRIMARY EXPOSURE (INDEPENDENT VARIABLES)

C.5.1. Strategies to improve validity and reliability of exposure variables

Because our objective is to develop a valid, clear and simple index that can be
used at other institutions, several steps were adopted (see below for details): first, focus
was placed on the variables that are not site-specific (e.g. age, sex, body mass index
and preoperative hemoglobin). These variables have been shown to be predictive at
other institutions '''°. Second, continuous variables were dichotomized for practical
reasons, and cutoff values were determined according to clinical and statistical
considerations (see below). Third, the resultant Transfusion Risk Understanding Scoring
Tool (TRUST) was validated in a subset of the data. Additionally, TRUST was cross-
validated at a second institution (Sunnybrook and Women’s College Health Science
Centre).
C.5.2. Definition of Primary Exposure and Clinimetric Properties (Validity and
Reliability) of the Independent Variables

Primary exposure was defined as variables that are known prior to the time of
surgery (preoperative) and may independently predict the primary outcome. These

variables constitute the theoretical framework (see above: B.4.1).

C.5.2.a. Age

Age was defined as the age of the patient at the time of operation measured in
years. This continuous variable was dichotomized to: 0= age less than the cutoff value
and 1= age equals to or more than the cutoff value. Age is a hard clinical variable that is
expected to be valid and reliable. Variations could result from date of birth associated

errors; however, this seems to be unlikely as date of birth is considered to be one of the
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identifying information of patients in the databases. Furthermore, all patients at TGH
receive a hospital card with their date of birth printed, and the age of the patients is
calculated by computer, thus, eliminating human errors. Several studies have shown
that age is an independent predictor of blood transfusion after cardiac surgery "''¢"°.
C.5.2.b. Gender

This hard clinical variable is defined as the sex of the patient at the time of

operation coded as follows: 0= male sex and 1= female sex. Several studies have

shown that gender is an independent predictor of blood transfusion after cardiac surgery

11,12,14-16

C.5.2.c. Body Mass Index

Body mass index (BMI) is calculated as weight in kilograms divided by height in
meter squared. Weight and BMI have been shown to be predictors of blood transfusion
after cardiac surgery '*'*'®. BMI (as opposed to weight) adjusts weight for height; thus
is a theoretically less biased measure. Furthermore, weight and height are collinear and
indexing them to BMI avoids collinearity. BMI is measured at the time of operation using
a standard hospital procedure for all patients, and then calculated by computer to avoid
human errors. It is then dichotomized to: 0= BMI equal to or more than the cutoff value

and 1= BMI less than the cutoff value.

C.5.2.d. Preoperative Hemoglobin Level
Hemoglobin assessments are used widely to screen individuals for anemia. The
conventional method of measuring hemoglobin is reliable. It has been shown that the

correlation coefficient between repeated measurements is greater than 0.95 '*'. Several
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studies have shown that preoperative hemoglobin is an independent predictor of blood
transfusion after cardiac surgery '*'*'®. Hemoglobin level is a continuous variable
measured in grams per liter (g/L). It is dichotomized to: 0O=hemoglobin equals to or more
than the cutoff value and 1= hemoglobin less than the cutoff value.
C.5.2.e. Preoperative Creatinine Level

Serum creatinine is the most widely used laboratory test to assess kidney
function. Repeated measurements are reliable in stable kidney function with correlation
coefficient greater than 0.90 2. Sources of variations include unstable renal function,
muscle mass and age. Estimated creatinine clearance (using the Cockcroft-Gault

equation 6157

), as opposed to serum creatinine, is adjusted for patient’s weight, age
and sex, and therefore theoretically is less biased than serum creatinine. However in a
recent study by Wijeysundera et al '*®, both serum creatinine and creatinine clearance
were correlated to clinical outcomes after cardiac surgery. Estimated creatinine
clearance (as opposed to serum creatinine) has the disadvantage of being less practical
because a mathematical formula has to be used for its calculation "®'*’. Serum
creatinine level has been shown to predict the need for blood transfusion after cardiac
surgery in previous studies """*""° It is a continuous variable measured in micromole

per liter (umol/L), and is dichotomized to: 0= creatinine level less than the cutoff value

and 1=creatinine level equals to or more than the cutoff value.

C.5.2.f. Left Ventricular Ejection Fraction
There are three methods of estimating left ventricular ejection fraction (LVEF):
first, contrast ventriculography (CVG), which is considered to be the gold standard

method. Rogers et al "*° showed that the correlation coefficient between repeated
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measurements by two different observers was 0.99. The correlation coefficient is an
indicator of the overall fit of the least square line fitted through the plotted points
between first and repeated measurements. Such high correlation was confirmed by
other studies **'*®. The second method of measuring LVEF is radio-nucleotide
ventriculography (RNVG), which has gained wide-spread use because of its reliability
(correlation coefficient > 0.95), accuracy, and non-invasive nature "' The third
method is echocardiography (ECHO), which is the least invasive. It is however, operator
dependent. In the literature CVG and RNVG are considered as reference methods
against which echocardiography is compared. In a recent systematic review conducted
by McGowan et al "*°, 25 studies comparing ECHO to reference methods, were
identified. The reported correlation coefficient between ECHO and the other reference
methods ranged from 0.60 to 0.98. This continuous variable was dichotomized to: 0=
LVEF less than 0.40 and 1= LVEF equals or more than 0.40. This cutoff point has been
used in previous studies '>'®. LVEF has been shown to be associated with the risk of
exposure to blood transfusion during or after cardiac surgery '>'®. At TGH, all previously

mentioned methods for the estimation of LVEF were used.

C.5.2.9. Previous Cardiac Surgery (redo procedure)

Redo procedure is defined as a cardiac surgical procedure that is performed on
the patient following a previous one. This hard binary clinical variable is coded as: 0=not
a redo procedure and 1= redo procedure. Redo procedures have been shown to be

independent predictors of the need for blood transfusion in cardiac surgery '*'%8,
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C.5.2.h. Diabetes Mellitus

As the definitions of diabetes may vary, pharmacologically-treated diabetes
mellitus (PTDM) was chosen as it is more reliable and valid definition that can be used
at other institutions. Furthermore, it makes the use of this variable easy and practical
(as opposed to blood sugar level or other biochemical markers). PTDM was defined as
a patient who is using insulin or oral hypoglycemic medications for treatment of diabetes
prior to surgery. This binary variable was coded as: 0= No PTDM and 1= PTDM.
Diabetes mellitus prior to cardiac surgery has been shown to be associated with the risk

of exposure to blood transfusion ">,

C.5.2.i. Timing of the procedure

Timing of the procedure can be elective, semi-elective, semi-urgent, urgent and
emergent. These definitions vary in different institutions. An example of that is the
definition of urgent and emergent procedures. In one study, they were defined as:
operations done within 48 hours of an acute ischemic event requiring an intraaortic
balloon pump and inotropic agents or intravenous nitroglycerin, and procedures
performed on a patient in unstable conditions and refractory to all forms of therapy
respectively '°. At TGH, on the other hand, urgent and emergent operations are defined
as: procedures done within 72 hours and 12 hours of the initial event respectively.
Because our objective is to have an index with reproducible variables, timing of the
operation was dichotomized to: O=elective procedure and 1= non-elective procedure.
We assume that this dichotomization will reduce the variability as the definition of an
elective procedure is more reliable and valid, and avoids possible collinearity (e.g.

urgent, semi-emergent, emergent).
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C.5.2.j. Type of the procedure

Based on the work done by Hardy et al *® to stratify cardiac surgical procedure
according to blood transfusion needs, this variable was dichotomized to: 0= isolated
procedures (e.g. isolated CABG, and isolated valve surgery), and 1= non-isolated
procedures (e.g. CABG and valve surgery). Definitions of the primary exposure

variables are summarized in Table C.1.
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Table C.1.: Definition of Exposure variables

Domain Variable definition Type uUnit

Factors Age at time of operation Continuous year

associated

with low Preoperative hemoglobin Continuous g/dL

preoperative _

red cell Female sex Binary 0/1

volum

olume Height Continuous cm

Weight Continuous kg
Body mass index Continuous kg/m?

Emergency O=Elective or 1=Non-elective Binary 01

and unstable
preoperative

status
Left ventricular ejection fraction, obtained by Binary 0/1
echocardiography or angiography dichotomized

Comorbid as follows: 0 >40%, 1: <40%

conditions ) _ _ ,
Pharmacologically-treated diabetes mellitus Binary Yes/No
Serum creatinine level Continuous pmol/L
Estimated creatinine clearance Continuous ml/min
Type of operation classified as follows: Categorical 0/1

Others O=isolated procedure, and 1= non-isolated
procedure
Previous cardiac surgery (redo operation) Binary 0/1
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C.6. CONFOUNDING VARIABLES AND EFFECT MODIFIERS

It has been shown that some intraoperative variables may increase the likelihood
of exposure to allogeneic blood transfusion. Intraoperative variables that are associated

with blood transfusion include type of operation '®'%

and cardiopulmonary bypass time
(CPBT) '8 Since the type of operation is known before the time of operation, it was
considered a preoperative variable and included in the model. CPBT was not included
in the predictive model as it was not known prior to the time of operation. Additionally, it
was assumed that the effect of CPBT will be minimized because we included surgery
types.

Administration of antifibrinolytic agents may reduce the risk of exposure to blood
transfusion. At TGH, all patients receive Tranexamic acid (TXA) or aprotinin. Almost all
patients receive TXA (>95%), and a minority (< 5%) receive aprotinin. Antifibrinolytic

agents were not included as all patients are exposed to them and they are not known

prior to the time of operation.

C.7. SAMPLE SIZE

General guidelines have been suggested for the minimum number of events per
variable (EPV) required in the multivariable analysis. It is generally suggested that a
minimum of ten events per variable analyzed are required to maintain the validity of the
model 146-148-

More than 2700 open-heart surgical procedures are performed every year at
TGH ™. A recent study by Karkouti et al * showed that the rate of transfusion was

29.4% in patients undergoing elective first-time CABG at TGH. Our sample includes all

consecutive patients admitted to TGH for cardiac surgery from May 1999 to June 2004
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which encompasses more than 11,000 patients and therefore yields expected events of
3300. Our framework included 10 preoperative variables that are potentially predictive
of the exposure of blood transfusion. Such a large number of events per variable

ensures adequate sample size for model validity.

C.8. DATA ANALYSIS

C.8.1. Exploratory Analysis

The statistical software package SAS (version 8.2, SAS institute, Cary, NC) was
used for all statistical analyses. Categorical variables were summarized as frequencies
and percentages, and continuous variables as means and standard deviations.

The sample population was randomly divided into two groups: 2/3 of the total
sample which was allocated to develop the predictive index (training set), and the
remaining 1/3 was allocated to validate the index (validation set). Important exposure
variables were tabulated for comparison of development and validation cohorts.
Categorical variables were compared using the Pearson Chi-square test for

independent proportions, and student t-test was used to compare continuous variables.

C.8.2. Dichotomization of continuous variables

For practical reasons, continuous variables under evaluation (age, weight, BMI,
hemoglobin level, platelet count, International Normalized Ratio (INR), serum creatinine
level and creatinine clearance) were dichotomized to get a practical index for clinical
use. Best cutoff values were determined nonparametrically by ROC statistics, and the

maximum area under ROC curve (AUC) was chosen as the cutoff value.
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Receiver operating characteristic curves provide a method whereby the
investigator can select a cutoff point that optimizes the predictive ability of the model to
those who receive blood transfusion (i.e. sensitivity) and those who do not (i.e.
specificity). An ROC curve is constructed by plotting the sensitivity (true positive fraction)
on the vertical access against the false positive fraction (1- specificity) on the horizontal
access for each decision threshold "%'%° . Predictive accuracy can be then quantified by
calculating the area under ROC curve **18"1%2 An area of 0.5 indicates no predictive
discrimination (equivalent to chance alone) and an area of 1.0 indicates perfect

separation of patients with different outcomes "°.

C.8.3. Model Development

As the outcome of interest is binary (exposure to allogeneic blood transfusion:
YES/NO), multivariable logistic regression modeling techniques were used to determine
the relationship between each independent variable and the exposure to allogeneic
blood transfusion. Chi-square analyses and unadjusted logistic regression (to determine
regression coefficient and odds ratios) were used for categorical variables and t-test for
continuous variables. The odds ratio (OR) is a measure of the odds of an outcome
occurring in one group relative to the odds of an outcome occurring in a reference group.
An OR greater than one indicates a risk greater than that for the reference group,
whereas an OR less than one indicates a risk less than that for the reference group.
The reference group was selected to be protective compared to other categories for
each variable under consideration, therefore producing OR estimates above one.

Logistic regression was used to appropriately select and weight the predictor variables
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for inclusion in the predictive index, assess the impact of the preoperative variables on
the risk of exposure to allogeneic blood transfusion and facilitate the creation of a
simple additive scoring system **'*°. Unadjusted (univariable) data-analyses were
carried out initially to estimate the effect of each potentially predictive variable
individually, followed by the adjusted (multivariable analysis).

Efforts were made to maximize predictive performance using variables that can
be easily and reliably determined in clinical practice. All-variables regression was
adopted for model building (i.e. no selection methods were applied: stepwise selection
for example), and insignificant variables (p-value associated with regression coefficient
> 0.05) were removed from the initial (all variables) model. Interaction terms were only

kept in the model if they had biological plausibility.

C.8.4. Model Assessment

Here, ROC curves were used again to provide a method whereby the
investigator can select a cutoff point that optimizes the predictive ability of the model to
those who receive blood transfusion (i.e. sensitivity) and those who do not (i.e.
specificity). An ROC curve was constructed by plotting the sensitivity (true positive
fraction) on the vertical access against the false positive fraction (1- specificity) on the
horizontal access for each decision threshold *®'%° | Predictive accuracy was then
quantified by calculating the area under ROC curve (AUC) '°'61162 An area of 0.5
indicates no predictive discrimination (equivalent to chance alone) and an area of 1.0
indicates perfect separation of patients with different outcomes °. Statistical properties

of the AUC were determined based on Mann-Whitney statistics'**'®3. This method is
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recommended to estimate the standard error nonparametrically for AUC, as it is
comparable to the sampling variability obtained from parametric approach 164 Model
calibration and fit were assessed using Hosmer-Lemeshow goodness-of-fit statistics
which compares the predicted probability with actual probability within population

subgroups; i.e. the larger the p-value, the better the fit '>*.

C.8.5. Item Reduction

As the objective was to construct a scoring system to predict the probability of
exposure to blood transfusion, efforts were made to identify the best model for
prediction that is accurate, sensible, valid, reliable, and easy to use with the least
possible number of items. Efforts were made to replace variables that would require a
calculator for their estimation (e.g. creatinine clearance and body mass index) by more
readily available variables that do not require calculator (e.g. creatinine and weight).
Furthermore, the full model was reduced by one item at a time and the best model for
prediction was selected. This process was repeated until the model had only one item.
A decision to select the best model was based on: first, validity, reliability, and sensibility
of the model. Second, ROC statistics as quantified by the AUC (i.e. the larger the area
the better the model) see above. Third, Hosmer-Lemeshow Goodness of fit statistics (i.e.
the larger the p-value the better the model) see above. Fourth, the Maximum Likelihood
Score method which aids in finding a specified number of best models containing one or
more variables up to the single model containing all of the explanatory variables '®°. The
criterion used to determine "best" is based on the global score chi-squared statistic '°°.
For two models A and B, each having the same number of explanatory variables, model

A is considered to be better than model B if the global score chi-squared statistic for A
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exceeds that for B '°°. Fifth, the model fit statistics: Akaike Information Criterion (AIC)
and the Schwarz Criterion (SC). AIC and SC can be used to compare models with

different number of variables, and the ones with smaller values are preferred '*°.

C.8.6. Score Assignment

Score assignment for each predictor can be determined using the following
methods: first, scores are assigned by rounding the OR estimate for each independent
variable in the final model to the nearest integer, assigning a score of zero to the
reference group. This method has been used previously to develop the length of ICU
stay following cardiac surgery '®"'®®. Similarly, the Charlson Comorbidity Index was
created from simple addition of hazard ratios '®°. Second, the scoring system can be
developed based on assigning values by increasing integer, starting with zero for the
reference category '’°. Third, the model is evaluated using a scoring system based on
logistic regression coefficient estimates. Here, logistic regression coefficient estimates
are multiplied (e.g. by ten) then rounded to the nearest integer to develop an additive
scoring system, a method suggested by Harrell "** who critiqued previous methods that

were not based on regression coefficients (see section B.4.2).

Score assignment for each predictor variable in our index was based on the
method suggested by Harrell as it is the most methodologically and mathematically
sound method . Specifically, the regression coefficient of each predictive variable was
multiplied by 1, 2, 3, 4, 5,6, 7, 8, 9, and 10. Resultant numbers were rounded to next

integer, therefore, getting 10 different additive scoring systems from the same model.
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ROC statistics were used to determine the best scoring system (i.e. the one with the

highest discriminatory performance as quantified by AUC).

C.8.7. Index Validation

The final TRUST was validated in a randomly selected subset of the data (1/3 of
the dataset), and ROC analysis was conducted to assess the discriminatory
performance of the index in the validation cohort. The predicted probabilities at each
total score were compared to the observed proportions of patients exposed to blood

transfusion.

C.8.8. Index Cross-Validation and Sensitivity Analysis

The most stringent method of validating an index is to apply it to a different
population (different from the development population) to evaluate its performance.
Cross-validation of TRUST (i.e. validation of the model in an external dataset) was
performed at Sunnybrook and Women’s College Health Science Centre. Area under the
curve derived form ROC analysis was used to assess the discriminatory performance of
the developed scoring system. Furthermore, the observed proportions of patients
exposed to blood transfusion at each total score were compared to the predicted
probabilities by TRUST.

Additionally, as transfusion practice may change over time, a sensitivity analysis
to assess the robustness of TRUST was carried out. Data were stratified by year of
operation (from 1999 to 2004), thereby applying TRUST to six different datasets. Again,
ROC statistics were used, and observed proportions were compared to predicted

probabilities.
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C.9. DATA SOURCES AND MANAGEMENT

The primary data sources for the model development and internal validation were:
the cardiac surgery clinical database and the cardiac anesthesia clinical database at
TGH. The validity of the cardiac surgery clinical database is maintained by a database
manager who checks the data completed by physician against medical records. The
validity of the cardiac anesthesia database is maintained by re-abstracting a random
sample of 10 percent of the records. In addition all outlying values are compared to
patients’ records to identify and correct errors in the database.

The primary data source for the model cross-validation (external validation) was
the cardiac surgery clinical database at Sunnybrook and Women'’s College Health
Science Centre. Here again, a database manager checks the data completed by
physicians against medical records. All electronic datasheets were kept in a secure

locked cabinet to ensure data security.

C.10. ETHICS

Research Ethics Board (REB) approval from the University Health Network
Research Ethics Board was obtained (Appendix C.1). REB approval from the
Sunnybrook and Women’s College Health Science Centre was obtained (Appendix C.2).
REB approval from the University of Toronto was obtained (Appendix C.3, and

Appendix C.4).

56



CHAPTER D

RESULTS

D.1. DESCRIPTIVE STATISTICS

The final dataset included information on 11,113 adult patients, who underwent
cardiac surgery at TGH between May 3, 1999 and June 29, 2004. Random allocation
created a model development cohort with 7,446 patients (2/3 of the total sample size),
and a validation group of 3,667 patients (1/3 of the total sample size). The missing data
were 2.4%, and 2% in the development and validation cohorts respectively. Statistical
details of these groups are tabulated in Table D.1. Development and validation groups
were similar in all respects evaluated (P > 0.05).

Exposure to blood transfusion was defined as the exposure to blood in the
operative and first postoperative days. 51.5% and 52.4% of the patients were exposed

to blood transfusion in the development and validation cohorts respectively (Figure D.1).

D.2. DICHOTOMIZATION OF CONTINUOUS VARIABLES

The cutoff values were: 65 year for age, 135 g/L for hemoglobin, 255x1000/mm?3
for platelets, 1.1 for INR, 120 ymol/L for serum creatinine, 75 ml/minute for estimated
creatinine clearance, 77 Kg for weight and 27 Kg/m? for BMI. Table D.2 summarizes
these cutoff values. More details of different cutoff values are presented in Appendix

D.1.
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D.3. MODEL DEVELOPMENT

D.3.1. Univariable (unadjusted) data analysis

Univariable data analyses that include unadjusted regression coefficients, and
odds ratio estimates were carried out for all variables under evaluation. Continuous
variables (age, hemoglobin level, platelets count, serum creatinine, estimated creatinine
clearance, INR, and body mass index) were analyzed initially in the continuous form,
and as binary variables. All variables were significantly associated with the risk of
exposure to blood transfusion (P< 0.05) with the exception of platelet count as a binary
variable (P= 0.09). Table D.3 summarizes the statistical details of the unadjusted

analysis.

D.3.2. Multivariable (adjusted) data analysis and Model Assessment

All candidate variables were examined using logistic regression. Analyses of all
variables with no dichotomization of continuous variables revealed that platelet count,
and INR were not significantly associated with the risk of blood transfusion (P > 0.05).
Dichotomization of continuous variables showed similar results. Therefore, insignificant
variables (platelets count and INR) were excluded. The full model (Model A) included
ten binary variables. The area under the ROC curve for model A was 0.80 (Standard
Error (SE) = 0.0052) and the probability associated with Hosmer-Lemeshow goodness

of fit statistic (PHL) was 0.90. Table D.4 summarizes the statistical details of model A.
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D.3.3. Improving feasibility of Model A

The above full model (Model A) contains ten statistically significant variables.
Because two of these variables, creatinine clearance and BMI, require an arithmetic
calculation, efforts were made to replace them by simpler variables that do not require
calculation. Estimated creatinine clearance was replaced by serum creatinine level, and
BMI was replaced by body weight. The AUC of the resultant model (Model B) was 0.80

(SE = 0.0051), and PHL=0.41. Table D.5 summarizes the statistical details of Model B.

D.3.4. Item reduction of Model B

Further attempts were made to simplify model B by reducing its items while
maintaining the highest possible discriminatory performance of the model. Model B
contains ten statistically significant variables that independently predict the exposure to
blood transfusion. Model B was reduced by one item at a time and the best model for
prediction was selected based on clinical, practical and statistical criteria described in
section C.8.5. Of all best subsets, the eight item model (Model C) was selected as the
final model with an AUC = 0.80 (SE= 0.0051), and PHL = 0.97. Table D.6 summarizes
the statistical properties of model B, and all subsets of the reduced model. Table D.7
summarizes the statistical details of the final model used to construct the index (Model

C).
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D.4. SCORE ASSIGNMENT

Scores assigned to each variable in the final model (Model C) were based on the
regression coefficients derived from the adjusted logistic regression. To get a practical
additive scoring algorithm, regression coefficients were multiplied by one, two, three,
four, five, six, seven, eight, nine, and ten. The resultant numbers were rounded to the
next integer. This approach has yielded ten different additive scoring systems with a
total scores ranging from 8 to 59. Discriminatory performance of each scoring system
was evaluated nonparametrically using ROC statistics. Of these ten candidate scoring
systems, the second scoring system with each of the eight regression coefficients
multiplied by 2 and rounded to the next integer was the simplest scoring system with the
maximum discriminatory performance (AUC = 0. 80, SE = 0.0052, PHL= 0.99). The first
scoring system (regression coefficient multiplied by 1 and rounded to the next integer)
was the simplest scoring system (where the total score was simply the sum of number
of the variables) with similar discriminatory performance to the second one (AUC=0.79,
SE=0.0052, PHL=0.70). The simplest scoring system had a better performance in the
different cohorts of patients. Table D.8 summarizes the method used to derive scores,
and Table D.9 summarizes the discriminatory performance of the candidate scoring
systems. Based on the discriminatory performance, fit statistics and on ease of use, the
first scoring system (regression coefficient multiplied by 1 and then rounded to the next
integer) was selected for derivation of the final transfusion risk understanding scoring

tool (TRUST).
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D.5. TRANSFUSION RISK UNDERSTANDING SCORING TOOL (TRUST)

TRUST includes eight variables. Independent predictive preoperative variables
from the regression analysis were then used to generate a transfusion risk scoring
system. Each variable was given a specific weight based on its associated regression
coefficient (regression coefficient multiplied by 1 and then rounded to the next integer).
The TRUST is an additive algorithm to give a single overall score ranging from 0 to 8
(i.e. number of variables is the total score). Based on the predicted probabilities, the
overall score is then used to stratify patients from baseline to very high risk as follows:
baseline risk (0), low risk (1), intermediate risk (2), high risk (3) and very high risk (4 or
more). The probabilities of exposure to blood transfusion are arbitrarily divided into five
quintiles: (0.0- <0.2), (0.2- <0.4), (0.4- <0.6), (0.6- <0.8), and (0.80 and more) in the
baseline, low, intermediate, high, and very high groups respectively. Table D.10 and

Figure D.2.

D.6. SCORING SYSTEM ASSESSMENT

D.6.1. Internal Validation

The observed proportions of patients exposed to blood transfusion at each
different total score value in the development and validation cohorts were compared to
the predicted probabilities by TRUST. Almost all of the observed proportions fall within
the 95% confidence limits of the predicted probabilities. All observed proportions fall
within the predicted probability quintiles of TRUST: (AUC= 0.79, SE=0.0052) and
(AUC=0.78, SE=0.0076) for the development and internal validation cohorts

respectively. Table D.11 gives details of all observed proportions and the statistical
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details in different cohorts of patients. Figure D.3, and D.4 depict the scoring system

assessment graphically.

D.6.2. External validation (cross-validation)

Between June 1999 and May 2004, information on 5,316 consecutive adult
cardiac surgery patients was obtained from the Sunnybrook cardiac surgery clinical
database. 3.2% of the data were missing. The area under ROC curve was 0.81
(SE=0.006). All observed proportions of patients exposed to blood transfusion fell within

the predicted limits of TRUST. Table D.11, and Figure D.4.

D.6.3. Sensitivity analysis

The development dataset was divided into six subsets based on the year of
operation (1999- 2004). Such data allocations was carried out to test the robustness of
the TRUST scoring system in different data subsets and to examine if the it is sensitive
to year of operation as blood transfusion practice may change over time. Approximately
all observed proportions of patients exposed to blood transfusions fell into the risk
groups of TRUST. For the years 1999 to 2004 the AUC estimates for TRUST were 0.79,

0.80, 0.80, 0.79, 0.75, and 0.82 respectively. Table D.12, and Figure D.5
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Table D.1: Statistical details of development and validation cohort

Development Cohort

Validation Cohort

(N=7446) (N=3667)

Variable n mean (SD) n mean (SD) P-Value
Age (years) 7427 62.5 121 3662 62.1 12.6 0.11
Hemoglobin (g/L) 7311 134.0 15.5 3617 133.8 15.2 0.71
Platelet (x1000/mm3) 7276 231.8 69.7 3602 231.0 70.3 0.54
INR 7300 1.0 0.2 3612 1.0 0.1 0.59
Serum creatinine 7409 97.4 62.2 3649 97.3 63.0 0.91
(umol/L)
Estimated creatinine 7406 83.0 32.1 3646 84.8 32.8 0.27
clearance (ml/min)
Height (cm) 7421 168.5 10.2 3656 168.5 10.6 0.83
Weight (Kg) 7424 79.0 16.1 3659 79.0 15.7 0.87
BMI (kg/m?) 7420 27.7 5.6 3656 27.9 6.4 0.39
CPBT (min) 7421 100.6 37.6 3661 101.0 40.3 0.62

n % n % P-Value

Female sex 2009 27.0 969 26.4 0.51
Aprotinin 384 5.2 213 5.8 0.16
EACA 6927 94.7 3404 94.1 0.16
Non-elective surgery 3054 41.2 1525 41.6 0.63
Redo surgery 632 8.5 325 8.8 0.51
LVEF < 40% 1513 204 779 20.2 0.28
Diabetes 1955 26.3 921 251 0.18
IDDM 402 5.4 201 55 0.86
CABG 5700 76.7 2780 75.9 0.33
Aortic valve 1368 18.4 708 19.3 0.24
Mitral valve 983 13.2 492 13.4 0.77
Tricuspid valve 192 2.5 104 2.8 0.43
Pulmonary valve 114 1.5 57 1.5 0.93
Other procedures 994 134 513 14.0 0.36

INR: International normalized ratio, BMI: Body mass index, CPBT: Cardio-pulmonary bypass

time, EACA: Epsilon aminocaproic acid, LV: Left ventricle ejection fraction, IDDM: Insulin-

dependent diabetes mellitus, CABG: Coronary artery bypass grafting

63




Figure D.1: Exposure to blood transfusion over time
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Table D.2: Dichotomization of continuous variables

Variable Unit Cut-off value
Age year 65
Hemoglobin g/L 135
Platelet (x1000/mm?3) 255
International Normalized Ratio (INR) No unit 1.1
Serum creatinine pMmol/L 120
Estimated creatinine clearance ml/minute 75
Weight kg 77
Body Mass Index kg/m? 27
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Table D.3. Unadjusted odds ratio estimates for independent variables (univariable

analysis)
Variable 3 OR LCL UCL AUC
SE SE
Age’ 0.042 1.044 1.039 1.048 0.655
0.002 0.006
Age? 0.957 2.60 2.37 2.859 0.617
0.048 0.006
Hemoglobin’ -0.071 0.931 0.927 0.935 0.759
0.002 0.006
Hemoglobin? 1.650 5.211 4.714 5.760 0.694
0.051 0.006
Platelets® 0.001 1.001 1.001 1.002 0.519
0.0003 0.007
Platelets? -0.078 0.925 0.844 1.014 0.510
0.047 0.007
INR? 0.595 1.814 1.414 2.326 0.538
0.127 0.007
INR? 0.267 1.305 1.184 1.439 0.530
0.050 0.007
Creatinine’ 0.004 1.004 1.002 1.005 0.514
0.001 0.007
Creatinine? 0.813 2.255 1.945 2.616 0.542
0.076 0.007
Creatinine -0.025 0.975 0.973 0.977 0.713
Clearance' 0.001 0.006
Creatinine 1.300 3.671 3.331 4.045 0.654
Clearance? 0.050 0.006
Body Mass -0.068 0.934 0.925 0.943 0.613
Index’ 0.005 0.006
Body Mass 0.689 1.992 1.816 2.185 0.585
Index? 0.047 0.007
Weight' -0.047 0.954 0.951 0.957 0.699
0.002 0.006
Weight? 1.220 3.384 3.075 3.724 0.647
0.050 0.006
Female sex 1.352 3.865 3.449 4.331 0.624
0.0581 0.006
Non-Elective 0.717 2.048 1.864 2.251 0.586
Surgery 0.048 0.007
Redo Surgery 0.433 1.541 1.304 1.822 0.517
0.085 0.007
LV Grade >2 0.395 1.485 1.324 1.665 0.532
0.058 0.007
Diabetes 0.237 1.267 1.142 1.406 0.523
0.053 0.007
Combined 0.506 1.659 1.482 1.858 0.542
Surgery 0.058 0.007

3= Regression Coefficient, SE= Standard Error, OR=0dds Ratio, LCL= 95% lower Confidence
Limit, UCL= 95% Upper Confidence Limit. AUC= Area under Receiver Operating Characteristics
Curve, 1= Continuous, 2= Binary, LV Grade= Left Ventricular Grade, -2Log= -2Log Likelihood,
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Table D.4: Statistical details of the full model (Model A)

Parameter DF Regression Standard Odds 95% 95% P-Value
Coefficient Error Ratio LCL UCL

Hemoglobin 1 1.106 0.058 3.02 2.70 3.39 <0.0001

Female Sex 1 1.078 0.069 2.94 2.57 3.37 <0.0001

Redo surgery 1 0.654 0.107 1.92 1.56 2.37 <0.0001

Creatinine 1 0.637 0.064 1.89 1.67 214 <0.0001

Clearance

Non-Elective 1 0.584 0.058 1.79 1.60 2.01 <0.0001

Surgery

Age 1 0.554 0.062 1.74 1.54 1.96 <0.0001

Body Mass 1 0.522 0.058 1.69 1.51 1.89 <0.0001

Index

Non-Isolated 1 0.508 0.071 1.66 1.45 1.91 <0.0001

Surgery

LV Grade >2 1 0.384 0.070 1.47 1.28 1.69 <0.0001

Diabetes 1 0.214 0.064 1.24 1.09 1.40 <0.0001

DF= Degrees of Freedom, LCL= Lower Confidence Limit, UCL= Upper Confidence Limit
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Table D.5: Statistical details of the full model (Model B)

Parameter DF Regression Standard Odds 95% 95% P-Value
Coefficient  Error Ratio LCL UCL

Hemoglobin 1 1.119 0.059 3.06 2.73 3.43 <0.0001
Female Sex 1 0.883 0.071 2.42 210 2.78 <0.0001
Redo surgery 1 0.645 0.107 1.91 1.54 2.35 <0.0001
Creatinine 1 0.599 0.090 1.82 1.53 217 <0.0001
Level

Non-Elective 1 0.602 0.059 1.83 1.63 2.05 <0.0001
Surgery

Age 1 0.754 0.056 213 1.90 2.37 <0.0001
Body Weight 1 0.947 0.058 2.58 2.30 2.89 <0.0001
Non-Isolated 1 0.517 0.071 1.68 1.46 1.93 <0.0001
Surgery

LV Grade >2 1 0.394 0.070 1.48 1.29 1.70 <0.0001
Diabetes 1 0.180 0.064 1.20 1.06 1.36 <0.0001

DF= Degrees of Freedom, LCL= Lower Confidence Limit, UCL= Upper Confidence Limit
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Table D.6: Statistical properties of model B and subset models

10 8***

Full Model Reduced

Model B 9 Model 7 6 5 4 3 2 1
ltems Model C
1 HGB HGB HGB HGB HGB HGB HGB HGB HGB NHGB
2 AGE AGE AGE AGE AGE AGE AGE AGE AGE
3 WEIGHT WEIGHT WEIGHT WEIGHT WEIGHT WEIGHT WEIGHT  WEIGHT
4 FEMALE FEMALE FEMALE FEMALE FEMALE FEMALE FEMALE
5 NONELECT NONELECT | NONELECT NONELECT NONELECT NONELECT
6 COMBINED COMBINED ' COMBINED COMBINED COMBINED
7 CREAT CREAT CREAT CREAT
8 REDO REDO REDO
9 POORLV POORLV
10 DIABETES
AUC 0.804 0.803 0.801 0.798 0.795 0.789 0.782 0.773 0.735 0.694
HLP 0.408 0.638 0.971 0.622 0.635 0.6189 0.509 0.244 0.996 0
SCORE 1967.602 1962.041 1939.439 1913.164 1872.797 1816.583 1738.606  1650.609 1495.610 1097.213
AlC 7838.558 7844.495 7888.711 7923.005 7986.404 8059.811 8185.636 8301.986 8734.134 8985.518
SC 7914.333 7913.381 7950.723 7978.127 8034.651 8101.165 8220.108 8329.563 8754.818 8999.312
-2LogL 7816.558 7824.495 7870.711 7907.005 7972.404 8047.811 8175.636 8293.986 8728.134 8981.518

AUC: Area Under ROC Curve, HLP: Probability associated with Hosmer-Lemeshow Goodness of Fit, SCORE: Likelihood
score, AIC: Akaike Information Criterion, SC: Schwarz Criterion, -2LogL: minus two multiplied by the logarithm of the
Likelihood, HGB: Hemoglobin Level, CREAT: Creatinine Level, NONELECT: non-elective surgery, COMBINED: non-

isolated surgery, and ***: Model C
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Table 7. Statistical details of the final model (Model C)

Parameter DF Regression Standard Odds 95% 95% P-Value
Coefficient  Error Ratio LCL UCL

Hemoglobin 1 1.15 0.06 3.15 2.81 3.53 <0.0001
Female Sex 1 0.84 0.07 2.42 2.02 2.66 <0.0001
Redo surgery 1 0.64 0.1 2.32 1.53 2.33 <0.0001
Creatinine 1 0.63 0.09 1.88 1.58 2.24 <0.0001
Level

Non-Elective 1 0.64 0.06 1.90 1.70 213 <0.0001
Surgery

Age 1 0.76 0.06 2.14 1.91 2.38 <0.0001
Body Weight 1 0.93 0.06 2.53 2.26 2.83 <0.0001
Non-Isolated 1 0.52 0.07 1.67 1.46 1.92 <0.0001
Surgery

DF= Degrees of Freedom, LCL= Lower Confidence Limit, UCL= Upper Confidence Limit
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Table D.8: Score assignment

Variable BETA BETAx1* BETAx2* BETAx3* BETAx4* BETAx5* BETAx6* BETAx7* BETAx8* BETAx9* BETAx10*
(TRUST)
COMBINED | 0.515 1 1 2 2 3 3 4 4 5 5
REDO 0.637 1 1 2 3 3 4 4 5 6 6
CREAT 0.632 1 1 2 3 3 4 4 5 6 6
NONELECT | 0.642 1 1 2 3 3 4 4 5 6 6
AGE 0.759 1 2 2 3 4 5 5 6 7 8
FEMALE 0.840 1 2 3 3 4 5 6 7 8 8
WEIGHT 0.928 1 2 3 4 5 6 6 7 8 9
HGB 1.147 1 2 3 5 6 7 8 9 10 11
MIN 0 0 0 0 0 0 0 0 0
MAX 6.0994 ' 8 12 19 26 31 38 41 48 56 59
AUC 0.80 0.79 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80
SE 0.0051 | 0.0052 0.0052 0.0052 0.0051 0.0051 0.0051 0.0051 0.0051 0.0051 0.0051
HLP 0.97 0.70 0.99 0.40 0.25 0.96 0.99 0.91 0.91 0.93 0.98

AUC: Area Under ROC Curve, HLGF: Probability associated with Hosmer-Lemeshow Goodness of Fit, HGB: Hemoglobin
Level, CREAT: Creatinine Level, NONELECT: non-elective surgery, COMBINED: non-isolated surgery, MIN: Minimum
score, MAX: Maximum score, BETA: regression coefficient, and *: Rounded to next integer
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Table D.9: Comparison between the candidate scoring systems

Simplest Simple
(TRUST)
B*1 B*2

Minimum score 0 0
Total score 8 12
Development cohort

AUC 0.79 0.80

HLP 0.70 0.99
Validation cohort

AUC 0.78 0.78

HLP 0.68 0.65
Cross-validation cohort

AUC 0.81 0.81

HLP 0.22 0.01
1999 cohort

AUC 0.79 0.79

HLP 0.07 0.07
2000 cohort

AUC 0.80 0.81

HLP 0.73 0.96
2001 cohort

AUC 0.80 0.80

HLP 0.50 0.09
2002 cohort

AUC 0.79 0.79

HLP 0.98 0.97
2003 cohort

AUC 0.75 0.76

HLP 0.20 0.44
2004 cohort

AUC 0.82 0.83

HLP 0.01 0.04

AUC: Area under receiver operating characteristic curve

HLP: Probability associated with Hosmer-Lemeshow goodness of fit

R: Regression coefficient
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Table D.10: Transfusion Risk Understanding Scoring Tool (TRUST)

Variable Score

Hemoglobin level <135 g/L*

Weight < 77 kg

Female sex

Age > 65 year

Non-elective surgery

Serum creatinine level > 120 umol/L**
Previous cardiac surgery
Non-isolated surgery

PRRPRRRRPRR

Interpretation of the total score

(0) Baseline risk Probability of exposure to transfusion (0.00-0.19)
(1) Low risk Probability of exposure to transfusion (0.20-0.39)
(2) Intermediate risk Probability of exposure to transfusion (0.40-0.59)
(3) High risk Probability of exposure to transfusion (0.60-0.79)
(4-8) Very high risk Probability of exposure to transfusion (0.80-1.00)

N 2 2 Z

* 135 g/L of hemoglobin = 13.5 g/dL
** 120 pmol/L of serum creatinine = 1.36 mg/dL

—1.9503+(0.8377xTotalScore)

e
Exact Probabilities can be calculated using this formula: P ::1
+€

—1.9503+(0.8377xTotalScore)
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Table D.11: TRUST: Observed and predicted probabilities in different patients’ cohorts

TRUST Lower limit Upper limit of  Predicted 95% lower 95% upper Observed Observed Observed proportions
overall of predicted predicted probability confidence confidence | proportionsin proportions in in cross-validation
score probability probability by limit of the limit of the development cohort  validation cohort cohort who were
by TRUST TRUST predicted predicted who were exposed who were exposed exposed to
probability probability to transfusion to transfusion transfusion
0 0 19 12.5 11.3 13.8 12.4 154 06.9
1 20 39 24.7 23.3 26.3 244 25.9 204
2 40 59 43.2 41.8 44.5 42.9 43.7 36.8
3 60 79 63.7 62.3 65.1 63.9 62.9 58.9
4 80 100 80.2 78.8 81.6 81.5 80.6 80.9
5 80 100 90.4 89.2 91.4 90.3 88.8 91.4
6 80 100 95.6 94.8 96.2 93.6 91.2 100
7 80 100 98.0 97.6 98.4 85.7 93.3 100
8 80 100 99.1 98.9 99.3 100 100
AUC 0.79 0.78 0.81
HLP 0.70 0.68 0.22

AUC: Area under the curve, HLP: Probability associated with Hosmer-Lemeshow goodness of fit
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Table D.12: TRUST: Observed and predicted probabilities in different patients’ cohorts: Sensitivity analysis

TRUST Lower Upper Predicted 95% lower  95% upper | Observed Observed Observed Observed Observed Observed
overall limit of limit of probability confidence confidence | proportions proportions proportions proportions proportions proportions
score predicted predicted limit of the limit of the | of patients of patients of patients of patients of patients of patients
probability probability predicted predicted in 1999 in 2000 in 2001 in 2002 in 2003 in 2004
by TRUST by TRUST probability  probability \‘;Voek:grt who Svcgr‘g” who SV%?Z” who SV%?Z” who SV%?Z” who \‘fv%rr‘g” who
exposedto exposedto exposedto exposedto exposedto exposedto
transfusion  transfusion transfusion transfusion transfusion transfusion
0 0 19 12.5 11.3 13.8 13.4 7.9 15.5 15.4 15.7 14.5
1 20 39 24.7 23.3 26.3 16.1 20.7 28.8 31.2 25.7 26.5
2 40 59 43.2 41.8 44.5 35.2 36.1 45.8 49.8 43.3 54.3
3 60 79 63.7 62.3 65.1 48.7 60.2 68.4 71.1 58.7 78.4
4 80 100 80.2 78.8 81.6 73.8 76.1 86.8 84.4 77.8 92.6
5 80 100 90.4 89.2 91.4 89.8 90.3 91.6 95.8 81.4 89.1
6 80 100 95.6 94.8 96.2 88.9 96.4 96.8 91.3 86.4 100
7 80 100 98.0 97.6 98.4 100 80.0 100 75.0 81.8 100
8 80 100 99.1 98.9 99.3 100
AUC 0.79 0.80 0.80 0.79 0.75 0.82
HLP 0.07 0.73 0.46 0.98 0.20 0.01

AUC: Area under the curve, HLP: Probability associated with Hosmer-Lemeshow goodness of fit
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Figure D.2: Predicted probabilities by TRUST
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Figure D.3: Predicted probabilities with their 95% confidence limits
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Figure D.4: Assessment of TRUST
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Figure D.5: Sensitivity analysis
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CHAPTER E

DISCUSSION AND CONCLUSION

Cardiac surgery continues to place a large demand on the available blood supply.
It has been estimated that 11% of red cell resources were used for transfusion support
of patients undergoing CABG "', and nearly 20% of blood transfusions are associated
with cardiac surgery ''. Despite major advances in perioperative blood conservation,
transfusion rates in cardiac surgery remain high with large variations among individual
centers ''. Reported average transfusion rates for CABG procedures vary between 10%
and 70%'%"". To improve transfusion practice in cardiac surgery, several guidelines for
blood conservation and transfusion have been developed 19121172173

Karkouti et al stated that: “the guidelines for blood administration which has been
in use at TGH since 1996 state that under normal conditions, blood should be
administered to patients only when their hematocrit is less than or equal to 0.18 while
they are on cardiopulmonary bypass, less than or equal to 0.20 after bypass during
surgery, and less than or equal to 0.24 on two consecutive measurements during the
postoperative period” ™. Additionally, Karkouti et al stated that: “blood conservation
methods used before elective surgery at TGH included discontinuation of anti-platelets
and anti-coagulant medications 1 week before surgery and screening for and correction
of coagulation disorders. Blood conservation methods used during surgery included the

routine administration of an antifibrinolytic agent (50-100 mg/kg of tranexamic acid)” '.
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Karkouti et al reported a transfusion rate of 29.4% in patients undergoing elective
first-time CABG at TGH ™. In our study, the rate of exposure to blood transfusion was
51%. Unlike previous studies that included CABG procedures only, our study included
all cardiac surgical procedures that required cardiopulmonary bypass (except heart
transplant and ventricular assist devices) with different urgency levels. Hardy et al
reported that the risk of exposure to blood transfusion was higher in patients undergoing
combined cardiac procedures or valvular procedures more than CABG procedures 2.
Furthermore, urgency of the cardiac procedures was a strong independent predictor of
the exposure to blood transfusion®'®. Thus, our finding of a higher rate of transfusion in
a broader cardiac surgery population than CABG procedures with different urgency
levels is not surprising.

To date, there have been 10 studies that developed models for the prediction of
the risk of exposure to blood transfusion in cardiac surgery. Of these studies, only two
used the predictive model to construct a risk scoring system: MRTS and LTRS
transfusion risk scoring systems '>'®. Reliability of the predictive variables, definition of
the follow-up time, lack of external validation, and limitation to CABG patients are major
factors that make MTRS and LTRS less applicable to current practice.

In our study, all eligible consecutive patients (n=11,113) undergoing a cardiac
surgical procedure (CABG and non-CABG) over a 6-year period were analyzed.
Consequently, this series is a representative sample of the situation commonly found in
clinical practice. The focus was on including variables that are valid, reliable and readily

available in routine clinical practice.
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For practical reasons, all included continuous variables (hemoglobin level, age,
weight and serum creatinine level) were dichotomized and the best cutoff values were
determined based on ROC statistics. Because of the concern that such dichotomization
might result in a major loss of data and therefore precision; additional analyses of these
variables was carried out in the continuous form. These analyses did not show a major
loss of precision and dichotomization had a superior model’s fit (Appendix E.1).

Based on the standards of measurement in clinical research, and by the
adherence to the appropriate model-building standards, this study identified 8
preoperative clinical variables that independently predicted the exposure to blood
transfusion: preoperative hemoglobin, weight, female sex, age, non-elective procedure,
preoperative creatinine, previous cardiac surgical procedure, and non-isolated
procedure. They constitute the clinical predictive index, TRUST. In a subset of the data
(n=3,667), TRUST was internally validated (AUC=0.78, SE=0.007).

TRUST was cross-validated at SWCHSC (n=5,316) where it performed well
(AUC=0.82, SE=0.006). Additionally, as transfusion practices may change over time, a
sensitivity analyses to assess the robustness of TRUST were carried out. Data used to
develop TRUST were stratified by the year of operation (from 1999 to 2004); thereby
applying TRUST to six different datasets. Here, again TRUST performed well.

The TRUST is an additive algorithm to give single overall score ranging from 0 to
8 (i.e. number of variables is the total score). Clinicians use it by adding up the number
of variables in a given patient to get an overall score. Based on the predicted
probabilities, the overall score is then used to stratify patients from baseline to very high

risk as follows: baseline risk (0), low risk (1), intermediate risk (2), high risk (3), and very
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high risk (4 or more). The probabilities of exposure to blood transfusion are divided into
five quintiles as follows: (0.0- <0.2), (0.2- <0.4), (0.4- <0.6), (0.6- <0.8), and (0.80 and
more) in the baseline, low, intermediate, high, and very high groups respectively.
TRUST is a simple and easy to use instrument that does not require any special skills to
apply.

As TRUST predicts the probability of exposure to blood transfusion in the
operative and first postoperative days, patients can be stratified according to their risk of
exposure to blood transfusion before their surgery. Beside presentation of the
probabilities, attempts were made to use TRUST as a screening tool to identify those
who will be exposed to blood transfusion (sensitivity) from those who will not (specificity)
by determining a score cutoff value that can then be used for screening. Sensitivity,
specificity, total error, and AUC were identified for each score cutoff value.

Sensitivity and specificity are measures of criterion validity, with opposing forces.
That is, in attempts to maximize one component, the complement is sacrificed (i.e.
setting a higher sensitivity would compromise the specificity of the instrument, selecting
more individuals unnecessarily).

For TRUST, the cutoff value that was associated with the minimal total error (i.e.
maximum AUC, and subsequently maximum discriminatory performance) was 3 in
development, validation, and cross-validation cohorts (i.e. using a total score of 3 or
more was associated with the least total error). For the cutoff value of 3 or more,
sensitivities were: 70%, 69%, and 68% in the development, validation and cross-
validation cohorts respectively, and specificities were: 76%, 74%, and 80% in the

development, validation, and cross-validation cohorts respectively (Appendix E.2-4).
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Cost-effectiveness studies are required to justify the use of TRUST as a
screening tool as many patients will be included unnecessarily. However, targeting a
high-risk population is important for achieving cost-effective interventions. TRUST
provides a valid prediction of such high-risk patients in whom expensive interventions
can be applied (e.g. blood conservation strategies). On the other hand, some blood
tests (e.g. cross-matching) potentially can be eliminated for patients in the identified
low-risk group, thus, reducing cost and improving blood bank efficiency '*.

Unlike MTRS or LTRS, which required more complex calculation and lacked
reliability of some variables, TRUST is a simple additive scoring tool where the overall
score is simply the sum of clinical variables. All variables included in TRUST are reliable
and known major risk factors for the exposure to blood transfusion in patients
undergoing cardiac surgery. They have been shown to be predictive of the exposure to
blood transfusion at other institutions'>"®'%128 Therefore, it is expected that TRUST will
perform well at other institutions.

TRUST enables clinicians to stratify their patients according to their risk of
exposure to blood transfusion and provide them with important information about their
transfusion—related risks, helps the medical team to anticipate patients' transfusion
needs and guides the clinician in ordering additional tests; both hematological and non-
hematological. Furthermore, it guides consultation of the appropriate medical services
(e.g. hematology) and provides better blood resource allocation. Because blood
preparation takes time predicting blood transfusion needs will help clinicians to order

blood in advance and avoid unwanted delays.
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A retrospective cohort study design was adopted for the development of TRUST.
A prospective design is theoretically a better study design as it gives the investigator the
opportunity to measure the exposure variables of interest and provides a clear
chronological sequence of events. However, for our objectives, a retrospective study
design became more efficient as it provided similar information (as those with a
prospective design) with less cost and time.

TRUST was developed from databases that were not collected for the purpose of
this study. However, the definitions, and methods of measurements of the variables
included in TRUST are unlikely to be different if the databases were collected for the
purpose of this study. Additionally, databases used, were validated and had a small rate
of missing values (less than 3%).

As with other studies that are based on existing databases, researchers are
restricted to variables existing in the database. Therefore, there may be a concern that
other important variables were not included in the predictive index. All major variables
that are known to be associated with the risk of exposure to blood transfusion were
included in the databases used in this study. In the MRTS, albumin level was included
as an independent predictor of blood transfusion. Only one study has shown albumin to
be a significant predictor of the exposure to blood transfusion; however, it was the
weakest predictor in the model °. In another study albumin level was not significantly
associated with exposure to blood products after cardiac surgery '°. The lack of
consistency reduces its likelihood of being an important predictor variable.

Because off-pump cardiac surgical procedures were excluded in this study,

TRUST may not be applicable for patients undergoing this surgical procedure. Off-pump
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procedures were excluded as they are systematically different procedures, and several
clinical trials have shown that the blood transfusion rates are significantly less than with
on-pump procedures 174,

As in other studies, the outcome used in this study identifies patients who were
exposed to allogeneic blood transfusion, and not necessarily the appropriate exposure
to blood transfusion. Additionally, TRUST is not to be an absolute indication for blood
transfusion; clinical judgment is always important. Moreover, selecting the eight-item
TRUST does not mean that other items are not important in predicting the risk of blood
transfusion. However, in practice, the eight-item TRUST was the most practical while
maintaining the maximum discriminatory performance.

Cross-validation of TRUST was performed in the city of Toronto (as with the
development and validation). TRUST needs to be cross-validated at institutions outside
Toronto to test its performance in different geographical areas at different times. TRUST
provides a valuable tool in designing randomized clinical trials to test the effect of
certain interventions on blood transfusion. Both the decision concerning which patient to
randomize and the design of randomization process (for example, stratified
randomization using prognostic factors) are aided by the availability of accurate

prognostic estimates before randomization '%°.
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CONCLUSION

Based on the standards of measurement in clinical research, a valid clinical tool
was developed to stratify cardiac surgery patients according to their blood transfusion
needs. This clinical tool consists of eight preoperative variables: preoperative
hemoglobin, weight, female sex, age, non-elective procedure, preoperative creatinine,
previous cardiac surgical procedure, and non-isolated procedure. The clinical tool was
internally and externally validated, and the results suggest that it should perform well at

other institutions.
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APPENDICES

Appendix C.1: Research Ethics Board Approval at University Health Network

b University Health Network Research Ethics Board

700 University Avenue
8" Floor South Room 8-18

University Health Network Toronto, Ontario, M5G 125
Toronto General Hospital Toronto Western Hospital Princess Margaret Hospital Phone: 416-946-4438
i Fax: 416-595-9164

June 23, 2004

Dr. Stephanie J. Brister
EN 14-214
TGH

Dear Dr. Brister:

Re: UHN REB #: 04-0317-AE
Developing and Validating a Transfusion Risk Scoring System in Cardiac
Surgery(Chart Review)

The above named submission for access to health records has received expedited review by the
University Health Network Research Ethics Board. The proposal is approved until the expiry
date noted below. Please note that approval for this study will expire on this date unless the
UHN REB is otherwise notified.

We wish to remind you that access to personal health records for research purposes without
patient consent is a privilege granted by the REB. Please be sure to adhere at all times to the
UHN Policy on Information and Data Security as noted in the Confidentiality Agreement signed
as part of this submission.

If, during the course of the research, there are any changes in the approved submission or any
new information that must be considered with respect to the study, these should be brought to the
immediate attention of the Board.

Y ours sincerely,

Ronald Hesle%ave, Ph.D.

Chair, University Health Network Research Ethics Board

23 June, 2004
Date of REB Approval

23 June, 2005
Expiry Date of REB Approval

The University Health Network REB operates in compliance with the Tri-Council Policy Statement, ICH/GCP Guidelines
and REB requirements as defined in Canada's Food and Drug Regulations, Division 5
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Appendix C.2: Research Ethics Board Approval at Sunnybrook and Women’s
College Health Science Center

Ressarch Ethics Board
Sunmybrook Compus

The Research Bullding
2075 Bayview Avanue,
Reem 51 33,
Toronto, oN,

Canacla M4AN IMS
Tel 416.480.4276
Fax 416.480.581«

Tha Research Kxhics Board

of Sunmybreak and Womaen o
College Health Sclences

Centre aperwees In compllance
with tive Tr-Coungll Policy
Statement, tve ICH/GCP
Culdelines and Division 5 of
the Food and Drug Regulations.

SUNNYBROOK

MEMORANDUM W
& VVOMEN'S
Sunnybrock and Women's College Mealth Sclemces Contre
To: Dr. A, Alghamdi
Cardiac Surgery
Room H406
From: Philip Hébert MD
Date: December 20, 2004
Subject: Development and Validation of Transfusion Risk

Understanding Tool (TRUST) to Stratify Cardiac Surgery
Patients According to Their Blood Transfusion Needs

Froject Identification Number: 463-2004
Approval Date: December 20. 2004

The Research Ethics Board of Sunnybrook & Women’s College Health
Sciences Centre has conducted an expedited review of the research protocol
referenced above on the above captioned date and approved the involvement of
human subjects as specified in the protocol.

The quorum for approval did not involve any member associated with this

11d your study continugfor more than one year you must reques: a renswal
or before one year froxh the approval date. Please advise the Board of the
rogress of your annually and/or any adverse reactions or deviations
which may occur e future.

entification Number has been assigned to your project
ber on all future correspondence.

The above Projec;
Please use this n

Philip Hébery/ MD PhD FCFPC
Chair, Reseafch Ethics Board

feap

Sunnybrook and Women's Collepe Heakth Sciances Centre h@ﬂ Fully affiliated with tha University of Torento
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Appendix C.3: Research Ethics Board Approval from the University of Toronto

,ﬁ UNIVERSITY OF TORONTO
Office of the Vice-President, Research and Associate Provost

Ethics Review Office

i Ok el
J PROTOCOL REFERENCE #12952 December 6, 2004
Dr. A. Logan Dr. A. Alghamdi
Nephrology 195 St. Patrick St., Apt. 602B
Mt. Sinai Hospital Toronto, ON MS5T 2Y8
600 University Ave.

Toronto, ON M5G 1X5
Dear Dr. Logan & Dr. Alghamdi:
Re: Protocol entitled, “Development and Validation of Transfusion Risk Understanding Scoring

Tool (TRUST) to Stratify Cardiac Surgery Patients According to their Blood Transfusion Needs”
by Dr. A. Logan (supervisor), Dr. A. Alghamdi (PhD candidate)

ETHICS APPROVAL Original Approval Date: December 6, 2004
Expiry Date: December 5, 2005

We are writing to advise you that a member of the Health Sciences II Research Ethics Board has
granted approval to the above-named research study, for a period of one year, under the Board’s
expedited review process. Ongoing projects must be renewed prior to the expiry date.

We acknowledge receipt of the UHN REB approval for this chart review study, expiry date June
23, 2005.

During the course of the research, any significant deviations from the approved protocol (that is,
any deviation which would lead to an increase in risk or a decrease in benefit to
participants) and/or any unanticipated developments within the research should be brought to the
attention of the Ethics Review Unit. Best wishes for the successful completion of your project.

Yours sincerely,
Marianna Richardson

Ethics Review Coordinator

xc:  Dr. A. Moore, Chair Health Sciences II Research Ethics Board
Prof. R. Cockerill, Graduate Coordinator, HPME

Simcoe Hall 27 King’s College Circle Toronto Ontario M5S 1A
Telephone 416/ 978-3165 Fax 416/ 946-5763 email: ethics.review(@utoronto.ca
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Appendix C.4: Research Ethics Board Approval from the University of Toronto

UNIVERSITY OF TORONTO
Office of the Vice-President, Research and Associate Provost
Ethics Review Office

PROTOCOL REFERENCE #13195 January 24, 2005
Dr. A. G. Logan Mr. A. Alghamdi

Nephrology 195 St. Patrick St., Apt. 602B

Mt. Sinai Hospital Toronto, ON MS5T 2Y8

600 University Ave.
Toronto, ON MS5G 1X5

Dear Dr. Logan & Mr. Alghamdi:
Re: Your research protocol entitled, “Development and Validation of Transfusion Risk

Understanding Scoring Tool (TRUST) to Stratify Cardiac Patients According to Their Blood
Transfusion Needs” by Dr. A. G. Logan (supervisor), Mr. A. Alghamdi (student)

We are writing to advise you that a member of the Health Sciences II Research Ethics Board has
granted approval to the amendment to the above-named research study, for a period of one year.
Ongoing projects must be renewed prior to the expiry date. The amendment involves a
specification for the primary data source for cross-validation.

We acknowledge receipt of the Sunnybrook & WCHSC REB approval letter for this study dated
Dec. 20, 2004 and the UHN REB approval letter for this study dated June 23, 2004.

During the course of the research, any significant deviations from the approved protocol (that is,
any deviation which would lead to an increase in risk or a decrease in benefit to
participants) and/or any unanticipated developments within the research should be brought to the
attention of the Ethics Review Unit.

Best wishes for the successful completion of your project.

el e

Yours sincerely,

Marianna Richardson
Ethics Review Coordinator

xc Prof. P. van Lieshout, Acting Chair, Health Sciences II REB
Dr. W. Levinson, Chair, Dept. of Medicine

Simcoe Hall 27 King's College Circle Toronto Ontario M5S 1A1
Telephone 416/ 978-3165 Fax 416/ 946-5763 email: ethics.review(@utoronto.ca
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Appendix D.1: Area under ROC curve of each cutoff point of the continuous
variables in the development cohort

HGB AUC CCR AUC
50 0.519 10 0.502
55 0.519 20 0.506
60 0.519 30 0.517
65 0.519 40 0.544
70 0.518 50 0.581
75 0.518 55 0.608
80 0.518 60 0.623
85 0.517 65 0.642
90 0.516 70 0.652
95 0.51 75 0654
100 0.502 120 0.542 80 0.653
105 0.517 85 0.649
110 0.539 90 0.641
115 0.574 100 0.619
120 0.608 110 0.586
125 0.641 120 0.557
130 0.671 130 0.542 27
135 0681 140 0.527
140 0.668 150 0.518
145 0.628 160 0.509
150 0.583 170 0.504
155 0.545 180 0.502
160 0.517 190 0.501
165 0.505 200 0.501
170 0.502 210 0.5
175 0.501 220 0.5
180 0.5 230 0.5
185 0.5 240 0.5
190 0.5 250 0.5
195 0.5 260 0.5
200 0.5 270 0.5
205 0.5 280 0.5
210 0.5 290 0.5
215 0.5 300 0.5
Split Split
>135 <135 >75 <75

52% 48%
pu=145.8 | uy=121.1
0=8.1 0=10.8

56% 44%
u=104.4 | p=56.0
0=25.6 | 0=14.0
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Appendix D.1: Area under ROC curve of each cutoff point of the continuous

variables in the development cohort (continue)

PLT AUC \ INR AUC WT AUC
25 0.5 04 0.5 35 0.5
50 0.519 0.5 0.518 40 0.501
75 0.518 0.6 0.518 45  0.505
100 0.514 0.7 0.518 50 0.514
125 0.509 0.8 0.519 55 0.529
150 0.504 0.9 0.518 60 0.557
175 0.507 1 0.526 65 0.598
200 0.509 1.1 0.536 70 0.63
225 0.519 1.2 0.525 71  0.631
230 0.523 1.3 0.516 72  0.631
235 0.528 14 051 73 0.636
240 0.531 1.5 0.508 74 0.635
245 0.533 1.6 0.505 75 0.638
250 0.536 1.7 0.505 76  0.644
255 0.54 1.8 0.503 77 0.648
260 0.539 1.9 0.501 78 0.647
265 0.539 2 0.501 79 0.649
270 0.538 2.1 0.501 80 0.645
275 0.538 2.2 0.501 81 0.644
280 0.535 2.3 0.501 82 0.641
285 0.535 2.4 0.5 83 0.637
290 0.536 2.5 0.5 84 0.632
295 0.534 2.6 0.5 85 0.628
300 0.532 2.7 0.5 90 0.597
325 0.523 2.8 0.5 95 0.574
350 0.517 2.9 0.5 100 0.553
375 0.512 3 0.5 105 0.535
400 0.508 4 0.5 110 0.524
425 0.505 5 0.5 115 0.514
450 0.503 6 0.5 120 0.509
475 0.502 125 0.505
500 0.502 130 0.502
525 0.501 135 0.501
550 0.501 140 0.5
575 0.501 145 0.5
600 0.5 150 0.5
Split Split Split

> 255 <255 <11 | >1.1 >77 <77

50% 50% 66% | 34% 54% 46%

u=282.6 | u=181.6 u=1.0 | p=1.2 u=90.5 | p=65.7

0=60.6 | 0=31.3 0=0.1 | 0=0.3 0=12.1 | 0=7.9

M: Mean

o: Standard deviation
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Appendix E.1: Statistical properties of the full model and all subset models in the continuous form

ltems 10 9 8 7 6 5 4 3 2 1

1 HGB* HGB* HGB* HGB* HGB* HGB* HGB* HGB* HGB* NHGB*
2 AGE* AGE* AGE* AGE* AGE* AGE* AGE* AGE* AGE*

3 WEIGHT* WEIGHT* WEIGHT* WEIGHT* WEIGHT* WEIGHT* WEIGHT* WEIGHT*

4 FEMALE FEMALE FEMALE FEMALE FEMALE FEMALE FEMALE

5 NONELECT NONELECT | NONELECT NONELECT NONELECT NONELECT

6 COMBINED COMBINED A COMBINED COMBINED COMBINED

7 CREAT* CREAT* CREAT* CREAT*

8 REDO REDO REDO

9 POORLV POORLYV

10 DIABETES

AUC 0.827 0.827 0.825 0.822 0.820 0.816 0.813 0.811 0.777 0.759
HLP 0.003 0.002 0.001 0.001 0.003 0.001 0.001 0.001 0.001 0.004
SCORE 2170.773 2165.921 2140.088 2109.091 2099.204 2048.876  2017.707  1973.635 1573.242 1388.470
AlIC 7476.801 7480.589 7530.405 7573.770 7610.212 7680.053 7743.199 7791.870 8317.071 8555.906
SC 7552.576 7549.475 7592.418 7628.892 7658.459 7721.407  7777.671 7819.447 8337.755 8569.700
-2LogL 7454.801 7460.589 7512.405 7557.770 7596.212 7668.053  7733.199  7783.870 8311.071 8551.906

AUC: Area Under ROC Curve, HLP: Probability associated with Hosmer-Lemeshow Goodness of Fit, SCORE: Likelihood
score, AIC: Akaike Information Criterion, SC: Schwarz Criterion, -2LogL: minus two multiplied by the logarithm of the
Likelihood, HGB: Hemoglobin Level, CREAT: Creatinine Level, NONELECT: non-elective surgery, COMBINED: non-
isolated surgery, and *: Variable in the continuous form.
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Appendix E.2: Sensitivity and Specificity at threshold scores for TRUST in the Development Cohort

Cutoff Number of Number of Number of Number of

point TP FP FN TN SEN SPEC TE AUC
0 3805 3456 0 0 1.00 0.00 0.48 )

1 3717 2836 88 620 0.98 0.18 0.40 0.58
2 3372 1766 433 1690 0.89 0.49 0.30 0.69
3 2679 846 1126 2610 0.70 0.76 0.27 0.73
4 1687 285 2118 3171 0.44 0.92 0.33 0.68
5 781 79 3024 3377 0.21 0.98 0.43 0.59
6 193 16 3612 3440 0.05 0.99 0.50 0.52
7 31 5 3774 3451 0.01 0.99 0.52 0.50
8 1 0 3804 3456 0.00 1.00 0.52 0.50

TP: True Positive, FP: False Positive, FN: False Negative, TN: True Negative, SEN: Sensitivity, SPEC: Specificity, TE:
Total Error, AUC: Area Under the Curve
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Appendix E.3: Sensitivity and Specificity at threshold scores for TRUST in the Validation Cohort

Cutoff Number of Number of Number of Number of

point TP FP FN TN SEN SPEC TE AUC
0 1908 1686 0 0 1.00 0.00 0.47 )

1 1857 1406 51 280 0.97 0.17 0.41 0.57
2 1672 877 236 809 0.88 0.48 0.31 0.68
3 1328 433 580 1253 0.69 0.74 0.28 0.72
4 866 160 1042 1526 0.45 0.91 0.33 0.68
5 393 46 1515 1640 0.21 0.97 0.43 0.59
6 108 10 1800 1676 0.06 0.99 0.50 0.53
7 15 1 1893 1685 0.01 0.99 0.53 0.50
8 1 0 1907 1686 0.00 1.00 0.53 0.50

TP: True Positive, FP: False Positive, FN: False Negative, TN: True Negative, SEN: Sensitivity, SPEC: Specificity, TE:

Total Error, AUC: Area Under the Curve
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Appendix 4: Sensitivity and Specificity at threshold scores for TRUST in the Cross-Validation Cohort

Cutoff Number of Number of Number of Number of

point TP FP FN TN SEN SPEC TE AUC
0 2364 2952 0 0 1.00 0.00 0.56 )

1 2322 2388 42 564 0.98 0.19 0.46 0.59
2 2067 1391 297 1561 0.87 0.53 0.32 0.70
3 1604 596 760 2356 0.68 0.80 0.26 0.74
4 1006 178 1358 2774 0.43 0.94 0.29 0.68
5 379 30 1985 2922 0.16 0.99 0.38 0.58
6 59 0 2305 2952 0.03 1.00 0.43 0.51
7 5 0 2359 2952 0.00 1.00 0.44 0.50
8 0 0 2364 2952 0.00 1.00 0.44

TP: True Positive, FP: False Positive, FN: False Negative, TN: True Negative, SEN: Sensitivity, SPEC: Specificity, TE:
Total Error, AUC: Area Under the Curve
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