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Abstract
Current guidelines suggest that patients with a pretransplant carbon monoxide diffusion capacity
(DLCO) ≤60% are not ideal candidates for hematopoietic cell transplantation (HCT). However, recent
studies suggest this criterion may exclude patients who will benefit from the procedure. We
conducted a study of all adult patients who received an autologous or allogeneic HCT from 1990 to
2005 and had a DLCO ≤ 60% of predicted normal to examine whether there is a lower limit for the
DLCO threshold in the context of respiratory failure and nonrelapse related mortality risk, and whether
a comprehensive risk scoring system such as the Pretransplant Assessment of Mortality (PAM) risk
score can more effectively risk stratify these patients with a very low pretransplant DLCO. Regardless
of how low the pretransplant DLCO was below 60%, there was no significant association with the
risk for respiratory failure or NRM. However, the PAM score effectively risk stratified the allogeneic
HCT patients for NRM risk. There was a stepwise relationship between PAM score category and
NRM risk; the highest PAM score category had a 4.38-fold increase in risk for NRM (p<0.001).
These data suggest that the pretransplant DLCO should not be considered as a sole eligibility criteria
for HCT.

INTRODUCTION
It is well accepted that pretransplant lung function assessment provides critical information for
the management of hematopoietic cell transplant (HCT) patients and that pulmonary function
tests (PFT) should be obtained prior to both autologous and allogeneic transplantation as part
of standard practice protocols for evaluating lung function as an eligibility criteria for
transplantation [1–3]. Many studies have examined the predictive value of pretransplant PFTs
for post transplant outcomes, such as pulmonary complications and mortality [2–7]. While
these studies were not definitive, a seminal paper published by Crawford et al demonstrated
in a large cohort that patients with a pretransplant carbon monoxide diffusion capacity
(DLCO) <60% had a significant 1.5 fold higher risk for mortality after transplant [8]. This
observation was extended in a follow-up study that found patients with a pretransplant
DLCO <70% of the predicted normal had a significant 2.4 fold increased risk for severe hepatic
veno-occulsive disease after marrow transplantation [9]. Based upon these findings, current
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National Marrow Donor Program transplant eligibility guidelines suggest that in the absence
of other comorbid conditions, a DLCO threshold of 60% should be considered as an eligibility
criteria for stem cell transplantation (i.e. patients with a DLCO ≤ 60% should not undergo stem
cell transplantation) [10].

However, several recent studies indicate that transplant outcome (e.g. mortality) is likely
dependent upon multiple baseline risk factors and comorbidities, which includes but is not
exclusive to DLCO [11–15]. Sorror et al have conducted multiple studies that indicate a
comprehensive assessment of 18 pretransplant comorbid conditions is informative and
predictive with regards to a patient’s risk for nonrelapse related mortality and survival [13–
15]. We have taken a parsimonious approach, demonstrating that eight commonly available
pretransplant clinical variables can accurately predict the risk of all-cause mortality within the
first two years after allogeneic HCT [11]. Based upon these findings, the authors have urged
the transplant community to consider not using any single variable, such as the DLCO, as a sole
eligibility criterion for transplantation.

In light of these recent publications, the issue of whether a DLCO threshold should be used as
an eligibility criterion need to be reassessed. Therefore, we conducted an analysis of patients
whose pretransplant DLCO was ≤ 60% to determine whether there is a lower limit for the
DLCO threshold in the context of post transplant outcomes, and evaluated whether a
comprehensive risk scoring system can more effectively risk stratify this subgroup of patients
with a very low pretransplant DLCO, and identify patients who are more likely to benefit from
this potentially dangerous procedure.

METHODS
Patient Selection

This study was conducted using clinical and laboratory data collected prospectively at the Fred
Hutchinson Cancer Research Center/Seattle Cancer Care Alliance (the “Center”). Patients who
had a first autologous or allogeneic HCT between January 1, 1990 and December 31, 2005,
had a carbon monoxide diffusion capacity (DLCO) ≤ 60% of predicted normal, and were ≥15
years of age, were included in this study.

Clinical Variables
The Pretransplant Assessment of Mortality (PAM) score is a comprehensive scoring system
that can be used to accurately estimate a patient’s risk for all cause mortality within the first
two years after allogeneic HCT [11]. This scoring system has been validated in multiple patient
cohorts, including patients who also received a reduced-intensity conditioning regimen.
Components of the PAM score, age at transplant, disease risk, donor type, conditioning
regimen, liver function, kidney function, and lung function, were collected and scored for all
patients according to previously described methods [11]. To simplify the disease categories
for the analysis, we ranked them as low, intermediate, or high risk according to disease type,
stage, and our experience with their outcomes. Matching between the donor and recipient was
determined according to donor-recipient ABO compatibility and HLA-A, HLA-B, and HLA-
DR compatibility. Conditioning regimens were first grouped according to myeloablative or
nonmyeloablative categories. Myeloablative regimens were categorized according to the use
of total body irradiation and amount of total body irradiation: ≤12 Gy or >12 Gy. All patients
in the nonmyeloablative group received 2 Gy total body irradiation. A lung shielding protocol
for TBI was initiated at our Center in 1999. To account for potential changes in clinical practice
over time, we considered the year of transplant as a categorical variable in the analysis.
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All pulmonary function tests were performed at our Center according to American Thoracic
Society guidelines [16–18]. Pulmonary function assessments included the percent of predicted
one-second forced expiratory volume (FEV1) and percent of predicted DLCO, which was
adjusted for hemoglobin level. As part of usual protocol, pretransplant and day 100 (day 80 ±
20 days) PFTs were obtained regardless of the presence or absence of symptoms. After
discharge from our institution by day 120, patients were encouraged to follow-up at the Center
one year (365 days ± 100 days) after transplant. Those who could and elected to return for
follow-up at that time had a PFT as per protocol. All pulmonary function values were expressed
as a percent of the predicted values calculated according to published equations [16,19].
Absolute change in FEV1 or DLCO was calculated by subtracting the day 100 or one year value
from the pretransplant value. Serum creatinine and glutamic pyruvic transaminase (SGPT)
concentrations obtained most recently before the beginning of the conditioning regimen were
categorized as normal or abnormal according to our center’s laboratory standards (abnormal
values: creatinine >1.2 mg/dL; total bilirubin >1.3 mg/dL; SGPT >49 U/L).

Two outcomes were considered: early respiratory failure and nonrelapse related mortality.
Patients were defined as having developed early respiratory failure if they required mechanical
ventilation for a non-elective reason within 120 days after transplant. Respiratory failure
occurring after 120 days was not assessed because patients are routinely discharged from our
Center after the first 120 days post transplant. Nonrelapse related mortality was defined as
death occurring prior to clinical evidence of disease relapse.

Statistical analysis
All statistical analyses were performed using STATA 8.0 (StataCorp, College Station, TX
2003). Pearson χ2 test was used to compare categorical variables. Unpaired T-test and one-way
analysis of variance were used to compare continuous variables. Paired T-test and Wilcoxon
Rank-sum test were used to compare changes in DLCO. The Pretransplant Assessment of
Mortality (PAM) Risk Score, including the survival probability and 95% confidence intervals,
were calculated for all allogeneic HCT patients according to previously described methods
[11]. Cox proportional hazards regression models were used to conduct a time to event analysis
for respiratory failure and nonrelapse related mortality. Disease relapse was considered as a
competing event for nonrelapse related mortality. The proportional hazard assumption was
tested using Schoenfeld residuals. The rates of developing early respiratory failure and
mortality according to pretransplant DLCO were estimated using Kaplan-Meier curves and
assessed using the log-rank test. Two-sided P-values <0.05 were considered statistically
significant.

RESULTS
Between January 1, 1990 and December 31, 2005, we identified 56 autologous and 165
allogeneic HCT patients who had a pretransplant DLCO ≤ 60% (Table 1). The median DLCO
was 55% (range 35% to 60%) and 54% (18% to 60%) among autologous and allogeneic patients
respectively. The majority of patients had a pretransplant DLCO between 40% and 60%. Among
autologous patients, only one (2%) had a DLCO <40%. Among allogeneic patients 13 (8%)
had a DLCO <40%. To assess whether lower DLCO was associated with demographic and
physiologic differences, autologous and allogeneic patients were combined and divided into
three groups according to pretransplant DLCO: 50%–60%, 40%–49%, and <40%. There were
no significant differences in age at transplant, conditioning regimen, donor type, disease risk,
pretransplant renal and liver function, and pretransplant FEV1 between the DLCO groups (Table
2). Only 24 (15%) of the 165 allogeneic patients received a nonmyeloablative conditioning
regimen. Among these patients, 6/24 (25%) and 20/24 (83%) developed respiratory failure and
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NRM respectively. Among patients who received a myeloablative conditioning regimen,
50/141 (35%) and 84/141 (60%) developed respiratory failure and NRM respectively.

Low pretransplant DLCO and change in DLCO after transplantation
To assess whether patients with lower DLCO prior to transplantation were at risk for a lower
DLCO after transplantation, we assessed the change in DLCO by day 100 (N=99) and one year
(N=33) after transplantation. Although there was a borderline trend of more patients with lower
pretransplant DLCO experiencing an increase in DLCO at day 80 (p=0.055), there were no
significant differences in the number of patients who experienced a decrease in DLCO or the
absolute change in DLCO at one year (Table 3).

Early respiratory failure risk and nonrelapse related mortality
To assess whether patients with lower DLCO prior to transplantation were at higher risk for the
two outcomes we considered, we examined the time to development of early respiratory failure
and nonrelapse related mortality in separate models according to pretransplant DLCO
categories. Regardless of the pretransplant DLCO category, there was no significant difference
in the risk for developing respiratory failure or nonrelapse mortality (Table 4). The lack of
association persisted even after adjustment for use of lung shielding and year of transplant.
The results remained similar when the analysis was stratified according to whether allogeneic
transplant patients received a nonmyeloablative versus myeloabative conditioning regimen.

To be certain that this lack of association was not due to the way that DLCO categories were
determined, we also dichotomized the DLCO categories according to two additional DLCO
thresholds. When patients with a pretransplant DLCO ≥45% were compared to patients with a
DLCO <45% (N=29), the risk for respiratory failure (hazard ratio [HR] 1.36, 95% confidence
interval [CI] 0.69–2.67, p=0.370) and nonrelapse mortality (HR 1.31, 95% CI 0.74–2.30,
p=0.354) were still not significantly different. This was also true when the DLCO threshold
was set at 40%. Patients with a pretransplant DLCO <40% (N=14) did not have a significantly
increased risk for respiratory failure (HR 1.41, 95% CI 0.57–3.5, p=0.3462) or nonrelapse
mortality (HR 1.22, 95% CI 0.79–1.87, p=0.37). Adjustment for use of lung shielding did not
significantly affect the risk estimates.

Given previous publications have suggested using a more comprehensive approach for risk
stratifying patients, we examined whether an alternative and more comprehensive assessment
of mortality risk, the PAM score, can more effectively risk stratify patients than the DLCO
alone. Since the PAM score was developed for allogeneic transplant patients, the autologous
patients were excluded from this portion of the analysis. The average PAM score was similar
for all DLCO categories (Table 2). However, when the PAM score of all 165 allogeneic patients
were considered together, it was apparent that the PAM score was somewhat normally
distributed with a median of 30 (mean 30.5) and a range from 17 to 43 (Figure 1), which were
associated with survival probabilities ranging from 79% (95% CI 75–83%) to 5% (95% CI 3–
8%) respectively.

When the patients were subdivided according to PAM score quartiles, patients in the highest
PAM score quartile had a four-fold increase in risk for nonrelapse related mortality than the
patients in the lowest PAM score quartile (HR 4.38, 95% CI 2.69–7.14). There was also a
significant stepwise increase in nonrelapse related mortality risk and lower survival rates as
the PAM score increased in quartile (Table 4). Figure 2 provide cumulative incidence curves
for nonrelapse mortality according to PAM score quartiles. Adjustment for use of lung
shielding did not significantly affect the risk estimates. However, adjustment for year of
transplant did influence the risk estimates slightly. In comparison to quartile 1, the HRs were
as follows: quartile 2 HR 1.22 (85% CI 0.64–2.33, p=0.542), quartile 3 HR 2.04 (95% CI 1.14–

Chien and Sullivan Page 4

Biol Blood Marrow Transplant. Author manuscript; available in PMC 2010 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



3.65, p=0.017), quartile 4 HR 6.35 (95% CI 3.29–12.28, p<0.001). When this analysis was
stratified by myeloablative versus nonmyeloablative status, there was no significant association
among the nonmyeloablative patients and the effect sizes did not change significantly among
the myeloablative patients. In comparison to quartile 1, the HRs among myeloablative patients
were as follows: quartile 2 HR 1.41 (85% CI 0.66–3.03, p=0.377), quartile 3 HR 1.98 (95%
CI 0.98–4.03, p=0.059), quartile 4 HR 6.95 (95% CI 3.32–14.57, p<0.001).

Although the PAM score was not originally designed for assessment of respiratory failure risk,
we also assessed whether a higher PAM score was associated with increased respiratory failure
risk. Among patient receiving an allogeneic graft. A PAM score in the highest quartile was
associated with a 2.4-fold increase in risk of developing respiratory failure (95% CI 1.14–5.02,
p=0.02). The association with lower PAM quartiles was not statistically significant. This
association with the highest PAM score quartile increased after adjusting for year of transplant
(HR 3.68, 95% CI 1.58–8.54, p=0.002). When this analysis was stratified by myeloablative
versus nonmyeloablative status, only the association remained among myeloablative patients
(HR 3.52 adjusted for year of transplant 95% CI 1.45–8.56, p=0.005).

DISCUSSION
The diffusion capacity, most commonly assessed by the single-breath carbon monoxide method
[17,20], is a measure of the patient’s ability to absorb alveolar gases into the capillary blood
flow, reflecting alveolar membrane thickness, hematocrit level, cardiac output and
heterogeneity in the distribution of the diffusion capacity to regional ventilation and perfusion
(in patients with pulmonary disease) [21]. Reduction of the diffusion capacity can be due to
compromise of any or a combination of these variables, leading to a reduction of the alveolar
capillary interface. Unfortunately, the DLCO is the most variable measured parameter in a PFT,
particularly when a restrictive or obstructive ventilatory impairment is present [22–26]. Even
among normal individuals, there is significant variability in the measured DLCO [27,28].
Furthermore, selecting reference equations from over nine that are currently available remains
a problem [17], resulting in large differences among different reference equations and among
different laboratories. For instance, our Center uses a more conservative Crapo reference
equation, which can significantly underestimate the DLCO when compared to other reference
equations. Thus, despite the initial findings of Crawford et al, using the DLCO in the absence
of other comorbidities as an exclusion criterion for stem cell transplantation may not be ideal.

Based upon the work from Crawford et al, it is clear that a low pretransplant DLCO is associated
with an increased risk for nonrelapse mortality after transplant [9]. We have also demonstrated
similar findings in a recent analysis of a more contemporaneous cohort [12]. This is further
supported by the fact that the prevalence of respiratory failure is 30% in the current study,
significantly higher than approximately 14% observed among patients with a pretransplant
DLCO >60%. However, despite these data for patients with reasonable DLCOs prior to
transplant, the current study revealed two hazards of using DLCO for determining transplant
eligibility among patients with low DLCOs. First, we found no evidence of a stepwise
relationship between pretransplant DLCO levels ≤60% and the transplant outcomes we
evaluated. While this might reflect the ineffectiveness of using 60% as a threshold, our
additional analyses examining 40% and 45% as alternative thresholds demonstrated that this
is an unlikely explanation. The more likely explanation is that a DLCO, when ≤60%, is simply
not a specific enough parameter for risk stratifying patients. Second, when the DLCO threshold
of 60% is used to exclude patients from transplantation in the absence of other comorbidities,
it is possible that patients who might benefit from this procedure will be rejected. This is clearly
demonstrated by our PAM score analysis, where a significant portion of the patients with a
DLCO≤ 60% was not only found to have an excellent estimated survival probability, but
ultimately actually survived to the 5-year mark.
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However, our analysis is not without limitations. First, despite the low pretransplant DLCO,
the patients in this analysis were nevertheless selected for transplantation. It is possible that
clinical assessment at the time of pretransplant evaluation revealed the patient to be more
physiologically fit than was apparent based on their pretransplant DLCO, thereby supporting a
decision to proceed. However, it is also possible that these patients had few treatment
alternatives, and that transplantation was selected as a last resort despite severe physiologic
limitations. Given the normally distributed PAM score among the allogeneic patients, we
believe a combination of both explanations is more likely. Second, our study also had very few
patients with a pretransplant DLCO in the lowest range, even when we evaluated the patients
using two alternative DLCO thresholds. This may have limited our ability to detect an
association between the degree of DLCO compromise and the outcomes considered.
Unfortunately, given the current practice of excluding patients with a low DLCO from
transplantation, it will be difficult to accumulate a group of patients with extremely low
DLCOs for such an analysis. Finally, it should be recognized that the lack of association between
DLCO and PAM score with these outcomes among nonmyeloablative patients may not be useful
because the current study only had a total of 24 patients who received a nonmyeloablative
conditioning regimen. As more data are accumulated for nonmyeloablative patients, additional
analyses will need to be conducted.

In summary, our analysis suggests that while the pretransplant DLCO may be useful for initial
identification of patients at higher risk for poorer stem cell transplant outcomes, this approach
should no longer be considered as a sole eligibility criteria for patients whose pretransplant
DLCO is below the eligibility threshold. While a low DLCO alone probably does identify
patients at risk for a poor outcome, a more comprehensive risk stratification tool should be
considered because it can more accurately estimate the mortality risk of allogeneic
transplantation, even for patients with the lowest DLCO. Including the pretransplant DLCO as
part of such a comprehensive risk assessment tool will allow clinicians to more accurately
identify patients who will benefit from transplantation and more effectively counsel patients
who are at extremely high risk for poor transplant outcomes.
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Figure 1.
Histogram for distribution of the PAM scores among allogeneic transplant recipients. Median
score of 30 (mean 30.5) with a range from 17 to 43.
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Figure 2.
Kaplan-Meier curves for nonrelapse related mortality according to PAM score quartiles
(p<0.001): solid line=17–28, short dashed line=29–31, dotted line=32–34, long dashed
line=35–42.
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Table 1
Patient characteristics and outcomes according to autologous versus allogeneic transplant

Characteristic Autologous (N=56) Allogeneic (N=165)

Age (years) 41.3 ± 15.3 39.3 ± 13.2

Female patients 22 (39) 58 (35)

Donor type

 Autologous 56 (100) -

 Related, matched - 83 (50)

 Related, mismatched - 23 (14)

 Unrelated - 59 (36)

Diagnosis

 Acute leukemia 5 (8) 83 (50)

 Chronic leukemia 0 (0) 28(17)

 Hodgkin’s lymphoma 14 (22) 7 (4)

 Non-Hodgkins lymphoma 14 (22) 10 (6)

 Multiple myeloma 13 (20) 8 (5)

 Myelodysplastic syndrome 0 (0) 20 (12)

 Other 10 (18) 9 (5)

Disease status

 Accelerated phase 0 (0) 8 (6)

 Blast crisis 0 (0) 9 (6)

 Chronic phase 0 (0) 8 (6)

 De novo 1 (2) 5 (3)

 Relapse 42 (75) 78 (55)

 Remission 12 (21) 33 (23)

 Unknown 1 (2) 2 (1)

Percent of predicted DLCO 55.5% (34%–60%) 54% (19%–60%)

Percent of predicted DLCO category

 50–60%

 40–50% 49 (87) 118 (71)

 <40% 6 (11) 34 (21)

1 (2) 13 (8)

Respiratory failure 10 (18) 56 (34)

Nonrelapse mortality 27 (48) 104 (63)

Numbers represent either mean ± standard deviation, median (range), or count (%).
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Table 2
Baseline clinical characteristics and Pretransplant Assessment of Mortality (PAM) score according to DLCO category

Pretransplant percent of predicted DLCO category

Characteristic 50–60% (N=167) 40–49% (N=40) <40% (N=14) P-value

Age (years) 41.7 (16.1–70.7) 40.5 (21.4–67.9) 35.3 (15.7–54.15) 0.677

Conditioning regimen

 Nonmyeloablative 12 (7) 7 (17) 5 (36) 0.066

 Non-total body irradiation 67 (40) 13 (33) 3 (21)

 Total-body irradiation with
≤12Gy

42 (25) 9 (22) 3 (21)

 Total-body irradiation with
>12Gy

46 (28) 11 (28) 3 (21)

Donor type

 Autologous 49 (29) 6 (15) 1 (7) 0.294

 Matched related 58 (35) 18 (45) 7 (50)

 Mismatched related 42 (25) 12 (30) 5 (36)

 Unrelated 18 (11) 4 (10) 1 (7)

Disease risk

 Low 9 (5) 2 (5) 0 (0) 0.384

 Moderate 47 (28) 6 (15) 5 (36)

 High 111 (66) 32 (80) 9 (64)

Serum alanine aminotransferase
(U/L)

26.0 (6–476) 26 (5–217) 31 (2–100) 0.6

Serum creatinine (mg/dL) 0.8 (0.3–5.1) 0.85 (0.4–8.7) 0.95 (0.4–2.4) 0.750

Percent of predicted FEV1 74% (39%–111%) 66% (35%–90%) 52% (26%–100%) 0.06

PAM score* 30.69 (15–42) 31.74 (15–43) 32.0 (26–43) 0.997

Numbers represent either median (range) or count (%).

*
PAM score calculated for only allogeneic transplant patients
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Table 3
Change in DLCO by day 100 and one year after transplant according to
pretransplant DLCO categories

Pretransplant percent of predicted DLCO category

Time interval 50–60% 40–49% <40% P-value

Pretransplant to day 80

Number experiencing 39/75 (52) 12/17 (71) 5/7 (71) 0.055

 Increase in DLCO 5.1% 14.9% 20.5%

 Change in DLCO (−40.7% − 96%) (−32.7% − 55.8%) (−11.1%−415.8%)

Pretransplant to one year

Number experiencing 12/27 (44) 3/5 (60) 1/1 (100) 0.235

 Increase in DLCO −10.3% 2.3% 22.3%

 Change in DLCO (−43.3% − 64.4%) (−33.3% − 77.8%)

Numbers represent patients who experienced an increase in DLCO (%) and median change in DLCO (range) during the designated time intervals.
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Table 4
Risk of developing respiratory failure and nonrelapse related mortality according to pretransplant DLCO categories and
PAM score

Number of cases (%)
Hazard ratio (95% Confidence

interval) P-value

Respiratory failure* 66

Percent of predicted DLCO

 50%–60% 47/167 (28) Referent -

 40%–49% 14/40 (35) 1.37 (0.76–2.49) 0.298

 <40% 5/14 (36) 1.50 (0.60–3.78) 0.388

Nonrelapse mortality* 131

Percent of predicted DLCO

 50%–60% 92/167 (55) Referent -

 40%–49% 29/40 (73) 1.28 (0.88–1.87) 0.198

 <40% 10/14 (71) 1.37 (0.77–2.42) 0.282

PAM score categories†

 Quartile 1 (17–27) 28/37 (76) Referent -

 Quartile 2 (28–31) 18/34 (53) 1.78 (1.08–2.95) 0.025

 Quartile 3 (32–33) 28/55 (51) 2.27 (1.42–3.65) 0.001

 Quartile 4 (35–42) 30/39 (77) 4.38 (2.69–7.14) <0.001

*
Analysis includes autologous and allogeneic transplant patients (Total N=221)

†
Analysis restricted to nonrelapse mortality among allogeneic transplant patients (Total N=165)
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