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Abstract

Objective—Perioperative blood transfusions have been implicated in decreased overall survival
(OS) and disease-free survival (DFS) after resection for non—-small cell lung cancer (NSCLC). We
investigated the effects of single- and multiple-unit blood transfusions on OS, DFS, and recurrence
after anatomic pulmonary resection.

Methods—From January 1, 2000, to June 30, 2016, 5709 consecutive patients underwent
pulmonary resection for NSCLC at our institution. Exclusion criteria were stage 111B-1V disease,
incomplete resections, ill-defined histological subtypes, and nonanatomic wedge resections. For
the 0 versus single-unit analysis, propensity scores were calculated from a logistic regression
model that predicted the probability of patients receiving a single-unit transfusion. The resulting
matching weights were incorporated into Cox models for OS, DFS, and cumulative incidence of
recurrence (CIR), to compare no versus single-unit blood transfusion. We determined whether
increasing numbers of blood transfusions influenced survival or recurrence using multivariable
Cox models.

Results—Approximately 10% of patients received perioperative blood transfusion (median
follow-up, 7.46 years [25-75™ percentile, 3.98-11.8]). There was no difference in OS, DFS, or
CIR between patients receiving no transfusion and those receiving single-unit transfusion
(P>0.05). However, a dose-response relationship was observed, demonstrating worse OS (overall
P<0.001), DFS (overall A<0.001), and recurrence (overall £=0.010) with increasing units of blood
transfused.
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Conclusions—Although a single-unit blood transfusion did not affect survival in patients
undergoing resection for NSCLC, higher unit perioperative blood transfusions were associated
with significantly decreased long-term outcomes in a dose-dependent manner, suggesting
avoidance or minimization of transfusions could improve long-term survival after lung resection.

INTRODUCTION

Perioperative blood transfusions have been associated with recurrence and decreased
survival following surgical resection for non-small cell lung cancer (NSCLC) in somel~> but
not all® 7 published series. The underlying reasons for this association are unclear, but the
immunosuppressive effects of allogeneic blood transfusions have been suggested as one
plausible mechanism.8 Historically, 7% to 55% of patients undergoing resection for primary
lung cancer receive perioperative blood transfusions,t 8- 9 with the majority receiving a
single unit of packed red blood cells (RBCs). Unsurprisingly, patients receiving transfusions
tend to have more medical comorbidities, higher-stage disease, and more postoperative
complications. All these patient-level factors have been linked to poorer long-term
outcomes, which can lead to confounding by indication. Confounding by indication occurs
when the treatment is linked to a clinical condition that prompts the use of the treatment and,
simultaneously, increases the risk of the outcome under investigation.19 Previous
retrospective studies have attempted to address these challenges through various statistical
means, but the extent to which blood transfusions affect long-term outcomes following
curative-intent resection for NSCLC remains largely unanswered. A randomized trial to
evaluate the effects of blood transfusion on long-term outcomes after resection for NSCLC
would be neither feasible nor ethical, limiting us to observational data to further study this
question.

Single-unit RBC transfusions are often discretionary and, therefore, arguably avoidable. We
sought to determine (1) whether a single-unit perioperative allogeneic blood transfusion is
associated with worse overall survival (OS), disease-free survival (DFS), and cumulative
incidence of recurrence (CIR) in patients following anatomic pulmonary resection for
NSCLC and (2) whether a dose-response relationship exists between increasing volume of
blood transfusion and OS, DFS, and recurrence.

METHODS

Patient Selection

This study was approved by the institutional review board at Memorial Sloan Kettering
Cancer Center (MSK). Using the MSK Thoracic Service Database, we retrospectively
identified patients who underwent curative-intent resection for NSCLC between January 1,
2000, and June 30, 2016. Clinical and demographic variables were obtained from our
prospectively maintained database. Given the study time frame, determination of pathologic
stage was based on the 7th edition of the American Joint Committee on Cancer Staging
Manual! In an effort to minimize confounding by indication, we chose to perform the
primary analysis by restricting the study population to patients who received either no
transfusion or a single-unit blood transfusion. Restriction is an accepted technique that can
be used to control for confounding by indication.1%: 12 To determine whether there was a
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dose-response relationship between blood transfusion and long-term outcomes, we expanded
our analysis to the whole cohort, including those with >1 RBC units administered, in order
to quantify the association between increasing units of transfusion and long-term outcomes.
Patients were excluded if their vital status was unknown, they underwent nonanatomic
(wedge) resection, they had pathologic stage I11B or IV disease, they underwent incomplete
(R1 or R2) resection, or they had an ill-defined histologic subtype (e.g., NSCLC not
otherwise specified). Decisions to transfuse were made at the discretion of the treating
physician. There were no specific criteria in place to trigger transfusion.

Recurrence and Follow-Up

Recurrence was identified on the basis of clinical and/or radiologic suspicion and was
confirmed with cytologic or histologic evaluation, as previously outlined by our group.13
Postoperative lung cancer surveillance was performed in accordance with National
Comprehensive Cancer Network guidelines.1# In general, during the first two years after
resection, patients received a physical examination, interval history, and chest/upper
abdominal CT scan with or without contrast every 6 months. PET scans were obtained
selectively, when surveillance CT scan findings were suspicious for recurrent disease or a
new primary malignancy. After two years, follow-up visits and surveillance CT scans were
performed annually. At all follow-up visits, the thoracic surgeon or a nurse practitioner
trained in thoracic survivorship care reviewed the results of any new studies.

Statistical Analysis

The primary comparison was between no transfusion and a single-unit transfusion (0 vs 1
unit), whereas the secondary analysis was performed to assess the dose-response
relationship with respect to the total units of RBCs administered. Two different approaches
were used for each objective, to reflect the different focuses of interest. In the first analysis
(i.e., 0 vs single-unit transfusion), we applied a matching-weights procedure to identify a
group of patients with similar probability of receiving 0 or single-unit transfusion. In the
second analysis, to assess the dose-response relationship, we did not apply the matching-
weights procedure and instead implemented multivariable regression, adjusting for all
clinically relevant variables considered in the matching-weights approach. The use of
multivariable models reflected our intention in this analysis to estimate the effect of
increasing transfusions on survival and disease recurrence after adjusting for all measurable
clinical factors.

For both objectives, there were three outcomes of interest: (1) OS, (2) DFS, and (3)
recurrence. Survival endpoints were defined from the date of surgery until the date of death
for OS or until the date of recurrence or death for DFS. Patients were otherwise censored on
the date of the last follow-up. When assessing recurrence, death without recurrence was
considered a competing risk. Recurrence is expressed as the cumulative incidence of
recurrence (CIR). CIR is based on the cumulative incidence function (or the probability of
experiencing an event by a given time). In this case, the event of interest is recurrence.
Conventionally, the cumulative incidence can be obtained using the Kaplan-Meier method (1
minus Kaplan-Meier estimate), where patients who do not experience recurrence are
considered censored. However, if patients die without recurrence, such events are known as
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competing risk events, instead of noninformative censoring. Competing risks can alter the
probability of experiencing recurrence, and, hence, Kaplan-Meier estimation may not be
appropriate. In this case, the cumulative incidence function for recurrence must account for
the presence of competing risk events.1®

In the primary comparison, between no transfusion and a single-unit blood transfusion, the
matching-weights procedure (which is analogous to 1:1 pairwise propensity score
matching®®) was used to create a pseudopopulation in which two groups of patients (no
transfusion vs single-unit blood transfusion) have similar patient characteristics. Unlike 1:1
propensity-score matching, which excludes any unmatched patients, the matching-weights
approach does not discard any patients; instead, it down-weighs the contributions of
unmatched patients to the analyses. A logistic model was used to calculate the odds of
receiving a single-unit blood transfusion. The resulting patient-level matching weights were
based on the smaller of the predicted probabilities of receiving a single-unit blood
transfusion, divided by the predicted probability of being assigned to the group the patient
was actually in. Each patient therefore contributed a fraction toward the overall analysis of
the outcome on the basis of matching weights.

The variables included in the logistic model were selected a priori on the basis of all relevant
clinical factors associated with the likelihood of receiving a blood transfusion and are listed
in Table 1. Performance of the matching-weights method was assessed by the absolute
standardized mean difference, before and after applying the matching-weights procedure,
between patients who received no transfusion and patients who received a single-unit
transfusion, for the variables included in the matching procedure. An absolute standardized
mean difference (ASMD) <0.1 indicates adequate covariate balance.1” The ASMD for each
factor, before and after application of the matching weights, is reported in Table 1. Before
applying the matching weights, ASMD values were >0.1 across all factors, confirming
differences between the two groups (0 vs single-unit). After applying the matching-weights
procedure, the ASMD values were <0.1 across every factor considered, indicating successful
balance across all clinically relevant factors between the two groups (Table 1,
Supplementary Figure 1). In addition, we present the ASMD derived from conventional
propensity-score matching procedures (Supplementary Figure 1, either 1-to-1 matching or 5-
to-1 matching) to show the superior balancing performance of the matching-weights
procedure used in this study. The distribution of the propensity scores before and after
application of the matching weights is presented as a mirror histogram to visually assess the
success of the matching-weights approach; the mirror histogram shows good overlap in
propensity scores between 0 and single-unit transfusion after application of matching
weights (Supplementary Figure 2).

For the primary comparison of 0 versus 1 unit of blood transfused, survival was estimated
using the Kaplan-Meier approach for OS and DFS and the cumulative incidence approach
for recurrence (CIR), measured from the time of surgery, incorporating matching weights.
For each survival curve, we present unweighted (without matching weights) and weighted
(with matching weights) numbers at risk. For the matching-weights analyses, each patient
may contribute a fraction of outcomes reflecting the patient-level weights; therefore, the
effective sample size may not be an integer. The effect of having a single-unit blood
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transfusion on prognosis was quantified using the Cox proportional hazards model for OS
and DFS and the cause-specific Cox model for recurrence. Patient-level matching weights
were incorporated in all analyses.

In the dose-response relationship analyses, we considered the total number of RBC units
administered. OS and DFS were estimated using the Kaplan-Meier approach and compared
between groups using the log-rank test, whereas CIR was estimated using the cumulative
incidence approach and compared between groups using Gray’s test, where death without
recurrence was considered a competing event. There was marginal evidence of nonlinearity
of the number of RBCs, using restricted cubic splines on a univariable basis (p=0.061). To
address potential nonlinearity and to facilitate ease of clinical use, we present the results of
the dose-response analyses using a categorical version of RBC “dose” (0 or single-unit, 2
units, 3 to 7 units, and =8 units) on the basis of the results from the primary analysis of 0
versus single-unit and the distribution of RBCs administered. The association between total
RBC units (as a categorical variable) and OS or DFS was estimated using multivariable Cox
proportional hazards model. The association between total RBC units and recurrence was
estimated using a cause-specific Cox model. Variables included in the multivariable models
were determined a priori on the basis of clinical relevance to the outcome from the same
factors used in the matching-weights procedure.

We assessed the patterns of missing data and observed that the assumption of missing
completely at random was not violated. To handle missing data, multiple imputation by
chained equation was conducted using the mice package in R 3.5.1 (R Core Team, Vienna,
Austria) to derive 10 imputed data sets with a maximum of 50 iterations each.18 This
method is based on fully conditional specification, in which each incomplete variable is
imputed by a separate model. All variables considered in subsequent analyses were included
in the imputation models, including survival outcomes.1® The imputation method for pack-
years (<1% missing), primary tumor standardized uptake value (18% missing), forced
expiratory volume in 1 second (2% missing), diffusion (6% missing), and preoperative
hemoglobin level (1% missing) was based on predictive mean modeling to ensure that
imputed values were plausible. We used a polytomous logistic regression method to impute
missing data for American Society of Anesthesiologists physical status classification (<1%
missing). For each long-term outcome, the analysis model was fit on each imputed data set
for the outcome of interest, and estimates from each of the 10 imputed data sets were pooled
into a single set of estimates and standard errors using Rubin’s rules.20

All statistical tests were 2-sided, and P<0.05 was considered statistically significant.
Statistical analyses were conducted using Stata 13.1 (StataCorp, College Station, TX) and R
3.5.1 (R Development Core Team, Vienna, Austria), including the survival, rms, and
riskRegression R packages. The matching-weights procedure was performed with the survey
and tableone R packages. Multiple imputation was conducted with the mice R package with
user-written function to pool estimates according to Rubin’s rule and Barnard-Rubin
adjusted degrees of freedom.
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RESULTS

Patient Characteristics

A total of 4847 patients met the inclusion criteria (Figure 1). Of these, 4352 (90%) received
no blood transfusions during the postoperative period, 197 (4%) received a single-unit blood
transfusion, and 298 (6%) received a blood transfusion with >2 units. Four hundred ninety-
five patients (10.2%) received =1 perioperative blood transfusion. Median duration of
follow-up was 7.46 years (251-75™ percentile, 3.98—11.38 years). Patient demographic and
clinical characteristics are listed in Table 1. The 5-year OS, DFS and CIR for the entire
cohort were 65% (95% Cl, 64%-67%), 56% (95% ClI, 54%-57%), and 29.3% (95% ClI,
28%—30.7%), respectively. The 5-year OS, DFS, and CIR for the no-transfusion group were
68% (95% Cl, 66%—-69%), 58% (95% CI, 57%-60%), and 28.5% (95% CI, 27.1%—29.9%),
respectively.

Effect of a Single-Unit Blood Transfusion on Outcomes

We first limited our analysis to compare OS, DFS, and CIR between patients who received
no transfusion and those who received a single-unit blood transfusion among the subcohort
of 4549 patients (4352 with 0 units of blood and 197 with 1 unit of blood). After applying
the matching-weights procedure, the effective sample sizes were 192 in the 0-unit group and
193 in the single-unit group (Table 1).

Estimated OS, DFS, and CIR curves are presented in Figure 2A—-C, along with model-based
Pvalues, both incorporating matching weights. In univariable Cox proportional hazards
models, there were no significant associations between receiving 1 and 0 units of blood and
OS (HR 1.14; 95% Cl, 0.88-1.47; P=0.338), DFS (HR 1.14; 95% CI, 0.89-1.45; P=0.308),
or recurrence (cause-specific HR 1.00; 95% CI, 0.72-1.40; P=0.994) (Table 2). We repeated
the 0 versus single-unit transfusion comparison among patients with pathologic stage |
disease and obtained similar results (Supplementary Figure 3A-C).

Dose-Response Relationship Between Increasing Blood Transfusions and Outcomes

To examine the dose-response relationship between blood transfusion and long-term
outcomes, we expanded our analysis to all patients, including those with no transfusion as
well as with 1 or more units transfused. On the basis of the lack of significant differences
across all three long-term outcomes in the primary analysis of 0 versus single-unit
transfusion, we present the dose-response analyses using a categorical version of RBC
where the reference group includes patients who received 0 or a single-unit RBC
transfusion. Other categories were formed on the basis of the distribution of non-zero units
of RBC (25, 50t 75t percentile): 2 units, 3 to 7 units, and =8 units (top 10th percentile) to
represent very high-levels of transfusion (Supplementary Table 1). Estimated OS, DFS, and
CIR curves by RBC units are presented in Figures 3A-C. A dose-dependent relationship
between units of blood transfused and both OS and DFS was observed with the multivariable
Cox proportional hazards analysis (Table 3). Compared with patients transfused with 0 or 1
unit of RBCs, patients administered increasing units of RBCs had worse OS (2-units: HR
1.55 [95% CI, 1.26-1.91; A<0.001]; 3 to 7 units: HR 2.02 [95% ClI, 1.61-2.53; £<0.001]; =8
units: 4.29 [95% ClI, 2.91-6.33; /A<0.001]) (Supplementary Table 2). A similar dose-
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response relationship was observed for DFS, when comparing with patients who received 0
or 1-unit transfusions (2-units: HR 1.44 [95% CI, 1.19-1.76; A<0.0001]; 3 to 7 units: HR
1.85 [95% Cl, 1.49-2.30; A<0.0001]); =8 units: HR 3.57 (95% Cl, 2.45-5.21; A<0.0001])
(Supplementary Table 3). Results from the multivariable cause-specific Cox model also
indicated worse hazard of recurrence with increasing units of blood transfused, compared
with 0 or single-unit transfusion (2-units: HR 1.35 [95% Cl, 1.04-1.75; P=0.023]; 3to 7
units: HR 1.50 (95% Cl, 1.09-2.07; P=0.013]; =8 units: HR 1.58 [95% CI, 0.80-3.10;
P=0.187]) (Supplementary Table 4). Similar results were observed when the analyses were
limited to patients with pathologic stage I disease (Supplementary Figure 4). To further
address the potentially confounding effects of complications, we performed post hoc
sensitivity analyses for the O versus 1-unit transfusion comparison as well as for escalating
units of RBC transfusion, which demonstrated no differences on the basis of the presence or
absence of postoperative complications (Supplementary Figures 5 and 6). We conducted
another post hoc exploratory analysis to determine the effects of intraoperative versus
postoperative transfusions on OS, DFS, and CIR. Although there was no significant
difference in OS observed in either the 0 versus single-unit or the escalating transfusion
analyses in terms of intraoperative versus postoperative transfusions, there was a trend
toward significance for DFS with intraoperative transfusions in the dose-escalation analysis
(P=0.063) and a trend toward significance for CIR in the 0 versus single-unit transfusion
group (P=0.054; Supplementary Figure 7). CIR was significantly higher among patients who
received intraoperative transfusion in the dose-escalation analysis (£<0.0001;
Supplementary Figure 7).

DISCUSSION

A single-unit perioperative blood transfusion was not associated with worse OS, DFS, or
recurrence following anatomic lung resection for NSCLC. However, for escalating blood
transfusions above 1 unit, a significant dose-response relationship was observed for OS,
DFS, and recurrence. These findings are consistent with those of some studies~> 21 and
contrary to the findings of others.6 22. 23

Wang and colleagues performed a meta-analysis, including 23 eligible studies, to evaluate
the effects of perioperative blood transfusion on clinical outcomes in patients with resected
stage 1-IV NSCLC.5 The results of this pooled analysis, which included all patients
regardless of stage, mirrored those of the present study in that OS, DFS, and recurrence rates
were worse in the transfused group. However, when the authors limited their analysis to
stage | patients, in contrast to our results for this subgroup, Wang et al. observed
significantly higher rates of disease recurrence in transfused patients. One possible
explanation for this difference is that we used the cumulative incidence function to analyze
recurrence, which accounts for competing risk events (i.e., death before recurrence), and
censoring, neither of which is addressed by the relative risk approach used in the Wang et al
study. Of importance, our group recently showed that noncancer-specific death in patients
with stage | NSCLC is a significant competing event and that it increases with advancing
patient age.24 To minimize heterogeneity and reduce confounding, Nosotti et al. and Ng et
al. limited inclusion in their respective studies to patients with stage | NSCLC who
underwent lobectomy.!: 2 Both studies demonstrated worse OS and DFS in patients who
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received perioperative blood transfusions—similar to the results of the present study. In our
prespecified subset analysis of stage | patients, we observed similar findings with respect to
OS and DFS.

Several published studies demonstrate findings at least partially inconsistent with those in
the present study. Interestingly, in 1988 Keller et al. reported on a retrospective cohort of 352
pathologic stage | and Il NSCLC patients from our institution, demonstrating no difference
in DFS or recurrence.® The authors did not report on OS. More recently, Cata and colleagues
at the MD Anderson Cancer Center reported on a total of 636 patients who underwent
resection for NSCLC. After propensity matching, blood transfusion had a significant
negative effect on OS but not on recurrence-free survival.?2 A recent review paper by
Churchhouse and colleagues highlights the lack of consensus regarding the role blood
transfusion plays in long-term postoperative outcomes for patients with NSCLC.23

The present study can contribute to the current evidence in several ways. First, it
demonstrates a clear dose-dependent effect of increasing volume of blood transfusion on OS,
DFS, and recurrence. Although causality cannot be assigned to transfusions, given the
retrospective nature of this study, the survival curves for the no-transfusion and the =2-unit
transfusion groups continue to diverge somewhat over time, lending further support to this
relationship. Second, to our knowledge, the finding that a single-unit blood transfusion is not
sufficient to have an effect on recurrence or survival in patients with NSCLC has not been
previously reported in the literature. Third, we limited our patient sample to those who
underwent complete anatomic resection; wedge resections were excluded because they have
been associated with poorer OS, DFS, and recurrence rates. Finally, this is the largest single-
center series to evaluate the effects of blood transfusion on postoperative recurrence and
survival in patients with NSCLC, permitting a more robust statistical analysis using
propensity-matched weighting. Unlike the more commonly used 1:1 propensity matching,
this technique allows for the inclusion of all patients in the data set, rather than a smaller
subset of matched pairs—thus, it maintains the full benefit of the large cohort size.

This study has several limitations. First, this is a retrospective study that is subject to
confounding by factors not available in our data set. Despite this, the results of our study
could have still been influenced by the clinical indication for blood transfusion, which was
unavailable in our database. In terms of the 0 versus 1-unit analysis, a single-unit transfusion
may be insufficient to affect long-term outcomes, or the lack of an association may simply
be an issue of inadequate sample size in the single-unit transfusion group. Second, we had
information on perioperative blood transfusions only during the index hospitalization (i.e.,
admission for surgery). Blood transfusions given before or after this admission were not
included in the analysis. Third, we included a heterogeneous patient population with stage |
through I11A NSCLC undergoing a variety of procedure types and approaches; however, to
address this, we performed a subgroup analysis of only patients with stage | disease, which
demonstrated similar results in terms of OS and DFS but not CIR. The lack of an observed
difference in recurrence between the no-transfusion and transfusion groups may also be
related to small sample size and the limited number of recurrence events in the stage |
population.
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In conclusion, a single-unit perioperative blood transfusion did not affect OS, DFS, or
recurrence in patients undergoing anatomic pulmonary resection for NSCLC. However, a
dose-response relationship was observed, demonstrating increasing recurrence rates and
decreasing survival with escalating RBC transfusions. These results suggest that improved

perioperative blood conservation efforts and the avoidance of discretionary transfusions may
result in lower recurrence and improved long-term survival after lung resection for NSCLC.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary of Abbreviations

ASMD absolute standardized mean difference
CIR cumulative incidence of recurrence
DFS disease-free survival
M SK Memorial Sloan Kettering Cancer Center
NSCLC non-small cell lung cancer
oS overall survival
RBC red blood cell
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Perspective Statement

Perioperative allogeneic blood transfusions are known to be immunosuppressive;
however, their effect on long-term survival following surgical resection for non—-small cell
lung cancer is not well understood. The findings of this study demonstrate a dose-
dependent association of blood transfusion on survival and recurrence following
anatomic resection for non-small cell lung cancer.
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Figure 1.
CONSORT diagram. The study cohort included all consecutive patients who underwent

anatomic RO resection for pathologic stage I, I1, or I11A non-small cell lung cancer
(NSCLC). RO, microscopically margin-negative resection.
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Kaplan-Meier curves after applying matching weights for overall survival (A), disease-free
survival (B), and cumulative incidence of recurrence (C) for patients receiving no red blood
cell (RBC) transfusion versus patients receiving a single-unit RBC transfusion. Numbers at
risk refer to the original sample size (“No. at risk [unweighted]”) and the fractional number
of patients after applying the matching weights (“No. at risk [weighted]”), reflecting the

effective sample size.
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Figure 3.

Kaplan-Meier curves depicting a dose-response relationship for overall survival (A),
disease-free survival (B), and cumulative incidence of recurrence (C) between patients
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receiving no or single-unit red blood cell (RBC) transfusion and those receiving transfusion
with increasing units of blood. No matching weights were applied in this set of analyses.
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Relationship between increasing number of blood transfusions and overall survival.

Central Message
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The avoidance or minimization of blood transfusions may decrease recurrence and improve
long-term survival in patients undergoing anatomic lung resection for non-small cell lung

cancer.
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