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Chronic lung allograft dysfunction (CLAD), predominately 
related to bronchiolitis obliterans syndrome (BOS), represents 

the leading cause of morbidity and mortality in recipients of lung 
allografts beyond the first year [1] which occurs at an annual 

Introduction

Abstract

Background: A preliminary analysis of a Medicare approved Registry study designed to evaluate the efficacy of extracorporeal 

photopheresis (ECP) to attenuate Bronchiolitis Obliterans (BOS) suggested that earlier detection and treatment of BOS may 

improve survival, which led to major re-design of the study. Our primary aims for this analysis and mathematical modeling was 

to quantify the effect of ECP to enhance survival using terminal FEV1 (TFEV1) values. Methods: Multiple databases were used 

to obtain spirometric data to characterize TFEV1 values (FEV1 before BOS related mortality), create a mathematical model to 

quantitate the effect of ECP on survival, and estimate requisite enrollment. Results: Spirometry data from 60 patients who met the 

proposed randomized controlled trial enrollment criteria are summarized (median and IQR): Baseline FEV1 (3105: 2545 to 3705) 

mL, pre-ECP rate of FEV1 decline (-112: -202 to -77) mL/month, rate of FEV1 six months post-ECP (-18: -48 to 2) mL/month 

and percent Δ in FEV1 (-86: -102 to -63). A mean TFEV1 of 675 (595 to 855) mL was quantified using data from 60 subjects, with 

a mean time from the TFEV1 to expiration of 40 days (18 to 70) days. The model projected a 45% increase in survival three years 

after enrollment in the ECP treatment cohort (58%) when compared to a Standard of Care cohort (40%); enrollment requirements 

were estimated at 400-450 patients at a 90% power level. Conclusions:  Study findings support the feasibility of a randomized 

trial that is designed to facilitate earlier identification and treatment of obstructive CLAD with ECP that may optimize evaluation 

of the clinical impact of ECP. 
Keywords: Bronchiolitis obliterans syndrome (BOS), extracorporeal photopheresis (ECP), forced expiratory volume in 1 second 
(FEV1), Lung Transplantation
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incidence of 7-8% in the first 10 years after transplant [2]. Extra-
corporeal photopheresis (ECP), a pheresis-based therapeutic im-
mune-modulatory intervention, has been utilized as an off-label 
treatment for refractory BOS in lung transplant recipients since 
the early 1990s [3-9]. Using previous recommendations for as-
sessment of treatment efficacy with spirometry values [10], three 
of these studies [7-9] demonstrated that ECP reduces the rate of 
decline of lung function by 80% in lung transplant recipients 
with BOS. Medicare approved (Medicare Coverage in Evidence 
Development decision memo), [11] a prospective, multi-center, 
single-arm registry study in September 2012 designed to eval-
uate the impact of ECP on the rate of FEV1 decline in patients 
with treatment-refractory BOS [12]. A recently performed pre-
liminary analysis in 44 patients suggested that ECP may reduce 
the degree of decline in FEV1; however, 41% of patients had ex-
pired with respiratory or graft failure as the predominate primary 
cause of death in 92%. Moreover, FEV1 values had declined to 
62% of baseline values at BOS diagnosis, which likely contrib-
uted to the high mortality rates observed in the study [13]. These 
findings raised the question of (a) whether earlier detection and 
expedited management of BOS with ECP as first line therapy 
might arrest disease progression before lung function reaches a 
critical level; and (b) whether the observed relationship between 
spirometry values (i.e., rate of decline of FEV1 before and after 
ECP, as well as terminal FEV1 values) and mortality might be uti-
lized to enhance the feasibility of a modified clinical trial design. 

Accordingly, the specific aims of this study were: to obtain req-
uisite spirometry data, of which some, including terminal FEV1, 

has not been previously described in the literature, to facilitate 
essential analyses to enable generation of a model to project cu-
mulative annual mortality and to identify the requisite annual en-
rollment required to detect a difference in mortality between treat-
ment cohorts. Rates of FEV1 decline and terminal FEV1 values 
were characterized in the current study. Findings from the cur-
rent study support the feasibility of a randomized trial that is de-
signed to facilitate earlier identification and treatment of obstruc-
tive CLAD with ECP that may optimize evaluation of the clinical 
impact of ECP using a cumulative annual mortality endpoint.

Materials and Methods
Our original ECP Registry was modified to include a ran-

domized controlled trial (RCT) arm (Figure 1) involving lung 
transplant recipients with newly diagnosed BOS. The RCT was 
designed to evaluate the potential effect of ECP on: survival, 
spirometric response (> 50% decrease in the rate of decline of 
FEV1 before and 6 months after ECP) and quality of life. The 
revised protocol can be reviewed within Supplemental Appendix 
SI (NCT: 02181257).

The RCT within the revised protocol was powered to enroll 
739 patients in order to detect a 25% increase in survival at 3 
years. To determine if the feasibility of the RCT might be im-
proved, a mathematical model was developed (Supplemental 
Appendix SII) to enable projections of requisite enrollment for 
a cumulative annual mortality endpoint. Since the model was 
predicated on spirometry data along with diagnostic, treatment 
and study design related factors within the RCT, this necessitated 
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  1IRB approved Project entitled: Evaluation of the variability in pulmonary function via spirometry in lung transplant recipients
 2 Cases from 107 charts used to determine terminal FEV1 values in cases that met eligibility criteria (n=60).

Figure 1. Illustrates the flow diagrams for the Refractory BOS Arm (top diagram) and the Randomized Controlled Trial Arm 
(bottom diagram).
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further data acquisition and analyses as described below.

Analytic Requirements and Data Sources for Mathematical 
Modeling of Cumulative Annual Survival 
Characterization of Terminal FEV1 

The following two data sources were used to characterize 
terminal FEV1 (TFEV1: defined as the last FEV1 obtained 
prior to expiration due to end stage CLAD) and adjusted 
TFEV1 (TFEV1 modified or reduced based on the product of 
the time point from measurement of Terminal FEV1 to expira-
tion and rate of TFEV1 decline during the six-month period):

1.Data from a subset (n=18) of 44 subjects enrolled in our orig-
inal, multicenter, CMS and Therakos® supported registry study 
(CMS Registry Series) [12] involving lung allograft recipients 
with refractory BOS who were eligible to be treated with ECP at 
any of the nine enrolling centers from April 2015 to June 2016 
(NCT 02181257).

2.To validate the aforementioned estimate of TFEV1, the elec-
tronic medical records from Barnes Jewish Hospital (BJH) were 
reviewed from a series of 107 lung allograft recipients (BJH Se-
ries) who developed BOS via an IRB approved protocol  using 
the following two criteria: the presence of at least six months 
of spirometry data obtained prior to expiration at a frequency 
that did not exceed every two months, and documented date of 
expiration related to end stage pulmonary failure resulting from 
CLAD. To evaluate the accuracy of our approach to identify the 
TFEV1, we sought to determine whether or not the TFEV1 was 
the lowest value observed in the six months prior to expiration. 
The lowest FEV1 (LFEV1), defined as the lowest value obtained 
during the six months prior to expiration. 

Expected FEV1 values during BOS Surveillance
Data from the aforementioned BJH Series (n=107)  was also 

used to derive an estimate of expected FEV1 values during BOS 
surveillance, quantified as % of maximum during the monitor-
ing period. Criterion for inclusion of cases for this analysis in-
volved the presence of at least 5 consecutive FEV1 values ob-
tained during the surveillance monitoring period (i.e., defined as 
the period that included values at least one year after transplant 
and at least six months before the diagnosis of BOS) in a stable 
pattern (i.e., no change in FEV1 over time confirmed by statis-
tically insignificant p<0.05 slope values derived using FEV1 vs 
time during the monitoring period). FEV1 values that occurred 
within 2 months of a recent infection (i.e., infection was iden-
tified using any clinical entry denoting an infection within the 
electronic medical record) in any subject were excluded from 
the analysis. 

Adjustment of FEV1 values based on the requisite time re-
quired for BOS diagnosis

Baseline FEV1 values were reduced by a derived FEV1 
volume (i.e., multiplying the rate of initial FEV1 decline 
by the time required for BOS diagnosis based on data from 
our preliminary analysis of data from the CMS Regis-
try) in order to reflect expected FEV1 at BOS diagnosis. 

Estimation of ECP treatment effect using spirometry
To characterize the case specific effectiveness of ECP in pa-

tients who received this treatment, baseline FEV1 as defined by 

ISHLT guidelines [10,14] and rates of FEV1 decline prior to and 
six months after ECP initiation were obtained from the follow-
ing two data sources:

1.Data from a subset of 60 subjects in a previously published 
study involving management of BOS with ECP.(Morrell Series) 
[9]. 

2.Data from a subset of 44 CMS Registry Series subjects 
[12,13]. 

Estimation of time required for ECP to be effective
To assess the time required for ECP to become effec-

tive, we compared the change in rate of decline in FEV1 at 6 
months prior to enrollment, months 0 – 3 after enrollment 
and months 3 - 6 after enrollment using data from a sub-
set of the 44 patients CMS Registry Series [12] who had 
FEV1 data available through six months after enrollment. 
Mathematical Modeling of Annual Cumulative Survival 
Survival calculations
Survival was calculated using the following parameters: 

1.	 Adjusted baseline FEV1 values based on expect-
ed values during BOS surveillance as well as at 
BOS diagnosis predicated on the time required for 
BOS diagnosis and the case specific rate of decline. 

Figure 2. Illustrates an example of application of the method 
used to calculate survival based on pre and post intervention 
rates of FEV1 decline in three cohorts:  ECP, SOC and SOC with 
Crossover. Data from 60 patients were used for Baseline FEV1 
values in all cohorts. Data from this same series was used for 
pre and post ECP rates of FEV1 decline in ECP treated patients 
(ECP cohort and and SOC Crossover cohort) while SOC effect 
on rate of FEV1 was estimated at 40%. Terminal FEV1 (TFEV1) 
values were determined using data from a series of 60 patients 
who expired due to end stage pulmonary dysfunction from BOS. 
The following values were used in this example:  Baseline FEV1 
= 3000 mL, FEV1 at steady state conditions = 2700 mL (3000 x 
0.9), enrollment FEV1 rate of decline = 120 mL/month, TFEV1 
= 740 mL. Time required for BOS diagnosis and enrollment was 
3.5 months. Time required for achievement of treatment effec-
tiveness were 1 month for SOC and 2 months for ECP.  Protocol 
defined crossover for patients with < 200 mL/month is allowed 
at 9 months for SOC patients who fail to achieve the spiro-
metric endpoint (> 50% decrease in the FEV1 rate of decline).
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horts over a ten year enrollment period at various power levels 
(40-100%). For each combination of alpha and recruitment rate, 
1000 replicate bootstrap samples were taken with replacement 
from the 60 subjects with survival projections. For each repli-
cate, subjects were randomly assigned to a treatment group, then 
Kaplan-Meier survival curves were calculated and tested for ho-
mogeneity among treatments using a Wilcoxon test. Power was 
estimated from the proportion of replicates with p-values small-
er than alpha. A p-value of less than 0.05 was considered statisti-
cally significant. Statistical analyses were performed using STA-
TA14 software (StataCorp, College Station, TX) and SAS 9.4. 

Results
Terminal FEV1 assessments
CMS Registry series data

Figure 3 illustrates the terminal FEV1 (L) along the y-axis vs 
time from start of ECP (days) along x-axis for the 18 subjects 
who expired in the first 12 months after ECP initiation. Medi-
an FEV1 values measured just prior to mortality were 770 mL 
(IQR: 650 to 930 mL); when one patient with a 2270 mL FEV1 
was excluded, the median FEV1 values measured just prior to 
mortality was 770 mL (IQR: 650 to 920 mL). Of patients who 
expired within 12 months of ECP initiation, 78% had a TFEV1 
less than one liter.  
BJH series data

 Of 107 charts that were reviewed via the BJH EMR, 47 did 
not meet the aforementioned eligibility criteria and were ex-
cluded as follows: absence of at least 6 months of spirometry 

2.	 The effectiveness and time required for effectiveness 
for respective interventions to attenuate the change in 
rate of FEV1 decline were as follows: 40% for SOC 
at enrollment while the case specific effect of ECP 
was characterized using the decline in FEV1 before 
and after ECP at two months after enrollment. These 
values were applied at various times as dictated by 
the times allocated for intervention effect and the pro-
tocol (i.e., after enrollment and at crossover predicat-
ed on rate of FEV1 of decline strata at enrollment). 

3.	 Terminal FEV1 as previously defined.
4.	 Modifications of equations used in a developed sta-

tistical application to generate survival days between 
the various cohorts are summarized in Supplemental 
Appendix SIII. In addition, Illustration of an exam-
ple of survival estimation is illustrated in Figure 2.

Statistical Methods
Chi square and Fischer’s exact test were used to com-

pare categorical variables. Two-sample Wilcoxon rank-sum 
(Mann-Whitney) was used predominately based on the low 
number of observations and more common presentation of 
non-normal distributions. In contrast, to compare mean FEV1 
values at baseline and to compare rate of decline in FEV1 im-
mediately prior to ECP initiation (pre-ECP) and at 6 months 
after initiation of ECP, either two-sample Wilcoxon rank-sum 
or one-way ANOVA were used predicated on data distribution 
(i.e., normal vs non-normal). Linear regression analysis was 
used to characterize the relationship between FEV1 vs time.

The bootstrap method was used to characterize the annual 
enrollment rates required to detect statistically significant dif-
ferences in mortality between the SOC-crossover and ECP co-

Figure 3. Illustrates the terminal (i.e., most recent FEV1 prior to 
mortality) FEV1 (L) along the y-axis vs time from start of ECP 
(days) along x-axis for the 18 subjects who expired in the first 12 
months after ECP initiation. The blue triangles represent the 15 
ECP arm subjects while the red squares represent the Observation 
arm subjects who crossed over to ECP treatment. The mean (0.9) 
FEV1 is demarcated by the horizontal red line while the vertical 
red line demarcates subjects who had early mortality (i.e., six 
months after initiation of ECP).

CMS ECP study 
(n=18)

BJH Series P-val-
ue*(n=60)

Normal FEV1 2960 (2490 – 3200) 2955 (2440 – 3450) 0.1

Baseline FEV1 2720 (2290 – 3410) 2440 (1980 – 3095) 0.1

Terminal FEV1 770 (650 – 930) 670 (565 – 860) 0.1

Time from 
TFEV1 to death 
(days) 

30 (15 – 66) 42 (21 – 75) 0.4

Adjusted TFEV1 633 (501 - 746) 563 (384 – 755) 0.5

Adjusted 
TFEV1¥

609 (454 – 764) 468 (319 – 643) 0.2

Table 1a.  Terminal FEV1 values and time to mortality between two 
patient series. FEV1 values expressed in milliliters. Data expressed 
as Median (Interquartile Range) in mL.

*p-value when compared to CMS ECP Study Cohort using 
two-sample Wilcoxin rank-sum.
¥When comparing TFEV1 only in patients whose FEV1 vs time 
relationship involved a p-value<0.1 and a negative. slope (rate of 
FEV1 decline) between CMS (n=15) and Local Series (n=38).
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data (n=8), no etiology of mortality documented (n=20) and an 
etiology not related to CLAD (n=19). The median TFEV1 val-
ue measured prior to mortality in the remaining sixty patients 
meeting criteria was 670 mL (IQR: 565 to 860 mL, see Table 
1a); of patients who expired within 12 months of ECP initiation, 
88% had a TFEV1 less than 730 mL. The median number of 
days to expiration from the last recorded date FEV1 value was 

42 (21-75) days, (Table 1a). The median rate of FEV1 decline 
in the six months before the TFEV1 was -63 (-15 to -142) mL/
month with median r2=0.84 (0.43 – 0.94), median p-value=0.06 
(0.01 – 0.16).  

Table 1b summarizes spirometry and time to mortality data 
between two groups predicated on p values from FEV1 vs time 
relationships (Group A: p value > 0.1; Group B: p value < 0.1). 
Lowest FEV1 (LFEV1) values were similar to TFEV1 (Table 
1b) while the time to mortality was twice as long when tracking 
from LFEV1 vs TFEV1 values. 

Group A had significantly (p<0.0001) higher (12 times high-
er) rates of FEV1 decline (see row four of Table 1b) when com-
pared to Group B. The mean rate of FEV1 decline in Group A 
also involved less data scatter as reflect by higher (p<0.0001) 
% variance explained (i.e., R-square values) (0.89: 0.8 – 0.97) 
when compared to Group B (0.41: 0.15 – 0.56). Group A was 
more likely (p<0.0001) to involve a significant p-value (0.02: 
0.001 – 0.07) linear relationship between FEV1 vs time when 
compared to Group B (0.22: 0.09 – 0.35). The modified (Ad-
justed) TFEV1 was calculated as 0.58 ± 0.33 L. The adjusted 
TFEV1 was 468 (319 – 643) mL when modified further (Ad-
justed TFEV1¥) to include only negative FEV1 vs time slope 
values with corresponding p values <0.1 (n=38). 

Spirometric Analyses: FEV1 and FEV1 rates of decline.
Determination of cutoff for adjustment of baseline FEV1 
values 

Of 107 subjects in the BJH Series, spirometry results from 
37 subjects with at least 5 FEV1 values and a stable FEV1 pat-
tern were utilized for characterization of the variability of FEV1 
and % maximum FEV1 values during the surveillance period 
for BOS. A median and mean % change from maximum FEV1 
values of -10% and -13% (Range: 13 to -61%) were observed 
over the monitoring interval, respectively. One and two stan-

Group A Group B p-value 
when 

compared 
to Group 

A*

Lowest=Terminal Lowest<Terminal

(n=40) (n=20)

Lowest 6 month 
FEV1 (mL) 645 (530 – 840) 700 (560- 855) 0.7

TFEV1 to LFEV1 
(days) 0 (0 – 0) 38 (21 – 79) NA

LFEV1 to death 
(days) 38 (21 to 79) 127 (65 to 139) <0.0001

Rate of FEV1 de-
cline (mL/month) -78 (-15 to -203) -6 (8 to -127) <0.0001

Table 1b.  Terminal vs Lowest FEV1 using data from BJH Series 
(n=60). Data expressed as Median (Interquartile Range).

*Use of two-sample Wilcoxin rank-sum

Data Sources p-value

All Patients
Retrospec-
tive Series9 

(n=46)

CMS 
Prospective 
Registry13 

(n=14)(n=60)

Baseline 
FEV1 after 
Transplant 

(mL)

3.1 ± 0.8 3164 ± 694 2660 ± 906 0.1

Pre-ECP Rate 
of Decline -152 ± 105 -150 ± 101 -159 ± 122 0.78

6 Months 
Post-ECP 

Rate of De-
cline

-33 ± 56 -31 ± 53 -39 ± 66 0.89

Pre vs Post 
ECP Rate of 

Decline (% Δ)
-72 ± 63 -71 ± 70 -74 ± 30 0.44

RCT Cohort ECP SOC SOCC

Table 2.  Spirometry Values prior to and after ECP, Survival between 
subsets of patients within two published series. Rates of FEV1 de-
cline in mL/month.  Data expressed as Mean ± SD.

*p=0.001 when compared to ECP Cohort.
¥P=0.001 when compared to ECP Cohort and p=0.0005 when com-

Figure 4. Iillustrates the relationship between the peri-
ECP time period and the rate of FEV1 decline (mL/month). 
 *denotes p-value<0.05 when compared to Pre-ECP period.
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Figure 5. illustrates 3 Year survival between cohorts ECP (DECP), SOC (DSOC) and SOC with crossover 
to ECP (DSOCC) using a Terminal FEV1 of 740 mL.

Figure 6. Illustrates Power vs annual recruitment rate over 10 Censor Years with Terminal FEV1 of 740 mL.
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dard deviation coefficients of variation of 8.5% and 17% were 
observed, respectively. Supplemental Figure S1 illustrates the 
within subject variability between measurement intervals that 
can be observed during surveillance for BOS; 49% of subjects 
had at least one % change from maximum value that exceeded 
20% from the patient specific maximum value while 25% of all 
recorded FEV1 % maximum values exceeded 20%. 

Spirometry data used for survival analysis
Table 2 summarizes baseline spirometry values, rate of de-

cline in FEV1 prior to and after ECP and the percent change in 
FEV1 in a subset of cases that met the RCT enrollment criteria 
and retrievable requisite data from the previously published ret-
rospective series Morrell et al. [9] (n=46) when compared to the 
CMS registry cohort (n=14).  Other than a slightly lower mean 
baseline FEV1 value in the CMS Registry series, rates of decline 
and percent change values were similar between the two data 
sources.

Figure 4 depicts the rate of FEV1 decline (mL/month) using 
the three time points assessed (up to six months prior to en-
rollment, months 0 to 3 months after enrollment and months 3 
through 6 months after enrollment) in a subgroup of CMS Reg-
istry patients. As illustrated, the rate of FEV1 decline decreases 
linearly up to the last measurement period; however, only rate of 
decline slope values at months 3-6 were significantly different 
when compared to the pre-enrollment period (p=0.004). When 
the analysis is stratified based on enrollment slopes < -100 mL/
month (n=8) vs > -100 mL/month (n=8), a trend (p=0.22) for 
lower % change in slope values (i.e., pre-ECP to months 3-6) in 
subjects whose slope values are < -100 mL/month was observed 
when compared to subjects whose slope values were > - 100 
mL/month, -74% vs -143%, respectively.

Cumulative Survival Estimates between RCT cohorts
Using spirometry data (n=60), survival estimates that were 

projected for the three RCT cohorts (ECP Treatment, SOC treat-
ment and SOC with Crossover to ECP) are illustrated in Figure 
5, Table 2, and bottom row. Statistically longer survival was pro-
jected for the ECP cohort when compared to both the SOC (260% 
increase) or SOC with crossover (85% increase) cohorts. Sta-
tistically longer (96% increase) survival was also projected for 
the SOC Crossover cohort when compared to the SOC Cohort.

Survival projections are summarized in Kaplan-Meier Surviv-
al Curves for each cohort (Figure 5). Three year survival was 
projected to be 45% greater in the ECP treatment cohort (58%) 
when compared to the SOC\C cohort (40%). Figure 6 illustrates 
annual recruitment estimates at various levels (40-100%) of 
power. 

Discussion
Our observation of 41% mortality one year after enrollment 

in the Registry trial, which was related to end stage pulmonary 
dysfunction in 92% of cases, led to a re-evaluation of our study 
design. The findings of low FEV1 values at BOS diagnosis and 
the higher rates of decline in FEV1 in non-survivors revealed 
from our preliminary analysis of our registry highlights the po-
tential importance of early detection and expedited management 
of BOS with ECP, even as first line therapy rather than as treat-

ment for refractory disease, to arrest disease progression before 
lung function reaches a critical level. Timely initiation of ECP 
for BOS may be achieved via implementation of a more aggres-
sive diagnostic and treatment program. Based on the results of 
this study [12] and previous publications, [15-18] early detec-
tion of BOS should result in better functional status and prolong 
survival for either primary or refractory BOS. Accordingly, we 
have expanded our study to now include a randomized arm that 
involves use of ECP as first line therapy when compared to local 
standard of care management of BOS, with eligibility predicat-
ed on more frequent spirometry monitoring. If ECP enhances 
survival in individuals with a new diagnosis of BOS, awaiting 
results of a prolonged trial would result in unnecessary morbidi-
ty and mortality in the Medicare population that can only receive 
ECP under an approved research protocol. As a result, we chose 
to include a crossover option for patients to receive ECP if they 
fail SOC management.  

The high enrollment requirements (n>700) required for a bi-
nary, 3-year mortality after BOS diagnosis led to our develop-
ment of a sophisticated mathematical model designed to assess 
the effect of ECP on survival using objective spirometric data 
predicated on protocol related factors. Two databases were used 
to estimate a terminal FEV1 of 730 mL that was used in our 
model since this has not been previously characterized. The ad-
justment of baseline values by 10% was predicated on our in-
ternal data which seemed to have a somewhat higher variability 
(CV) between serial FEV1 values of 8.5% when compared to 
5.7% previously observed [19]. Use of our mathematical mod-
el, even with projected crossover of a substantial percentage of 
SOC patients, revealed that ECP would still result in higher sur-
vival after 3 years, with a lower enrollment target of approxi-
mately 450 subjects.

However, our model may have limitations. SOC management 
may vary substantially between enrolling institutions that imple-
ment various strategies to surveille for and manage CLAD, and 
this variability could impact RCT outcomes. Therefore, our es-
timate of SOC management on rate of FEV1 decline represents 
the most important limitation of our survival analysis. For that 
reason, we have decided to confirm our current enrollment pro-
jections after we obtain and analyze spirometric data from 100 
patients enrolled into the RCT, to evaluate representative aver-
age effect of SOC management of BOS on FEV1 rate of decline 
at all of the enrolling centers.

Although we estimated the time required for ECP to take ef-
fect at 2 months (Figure 4), the surrogate nature of this estima-
tion may also represent a limitation. The processing of a limited 
and variable percentage (5-10%) of the patient’s circulating lym-
phocytes via the CELLEXTM automated ECP instrument may 
predispose to variable time requirements for effectiveness based 
on the number and frequency of ECP procedures performed. 
Our findings of a smaller %change (74% vs 143%) in the rate 
of FEV1 decline within months 3-6 after enrollment in patients 
with rates of FEV1 decline that exceed 100 mL/month indicate 
that ECP make take longer to have an effect in patients who pres-
ent with an aggressive form of FEV1 decline. Therefore, it can 
be speculated that these patients perhaps have a higher burden 
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of activated T helper cells (i.e., activated T helpers) which are 
mediating a more virulent form of the disease that may require 
more aggressive management. Increasing the frequency of ECP 
procedures is logistically problematic. Another alternative to in-
crease the effectiveness of ECP may involve manipulation of the 
ECP regimen by increasing 8-MOP concentrations which would 
potentially increase the efficacy of ECP by increasing the ex-
tent of lymphocyte apoptosis which is linearly related to 8-MOP 
concentrations from 50 to 200 ng/mL [20]. 

Conclusion
Our previous preliminary analysis of the first 44 patients en-

rolled in the CMS ECP Registry study revealed that diagnosis 
of BOS in current state requires a prolonged period of assess-
ment, leading to initiation of treatment at late stage, and as a 
result high early mortality rates. These findings prompted us 
to revise our study to enable earlier detection and treatment of 
BOS and to modify the trial to include a RCT component. Anal-
yses performed in the current study have formed the basis for 
our mathematical spirometric model to be used to quantify the 
effectiveness of ECP with respect to cumulative annual survival 
and to project enrollment requirements.  Our study also provides 
new and novel elements, such as characterization of TFEV1 and 
projection of survival based on spirometric parameters that may 
be useful in future studies to assess the efficacy of interventions 
designed to attenuate or arrest the decline in lung function relat-
ed to BOS.
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