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IMMUNOSUPPRESSION
ssociation Between Cyclosporine Concentrations at 2 Hours
ost-dose and Clinical Outcomes in De Novo Lung
ransplant Recipients

atemeh Akhlaghi, PhD,a Liliana Gonzalez, PhD,b and Andrew K. Trull, PhDc†

ackground: The objective of this study was to investigate the relationship between cyclosporine (CsA)
pharmacokinetic parameters and clinical outcomes after lung transplantation.

ethods: Data from 48 lung or heart/lung transplant recipients originally recruited to a randomized,
prospective clinical trial of Sandimmune vs Neoral and followed for 12 months were included in this
study. CsA dosing was based on the trough concentration. CsA concentrations at 0 (C0), 2 (C2), and
6 (C6) hours post-dosing were obtained at 1, 2, 3, 4, 13, 26, 39, and 52 post-operative weeks. Based
on their average C2 levels in the first post-transplant month, patients were stratified retrospectively
into Low C2 (�1,000 �g/liter, n � 18), Intermediate C2 (1,000–1,500 �g/liter, n � 16) and High
C2 (�1,500 �g/liter, n � 14) Groups.

esults: Cyclosporine C2 was the best single-point determinant (r2 � 0.934) for area-under-the-concentra-
tion-time curve (AUC0-6 hours) compared with C0 (r2 � 0.267) or C6 (r2 � 0.304). The mean � SD
values of CsA C2 and AUC0 to 6 hours in the first year post-transplant were significantly lower in
patients with �2 rejection episodes compared with those with �2 rejection episodes (C2: 875 �
546 �g/liter vs 1,114 � 633 �g/liter, p � 0.01; AUC0-6 hours: 4,036 � 1,904 �g � hour/liter vs
4,870 � 2,182 �g � hour/liter; p � 0.01) whereas C0 and C6 did not differ. Patients in the
Intermediate C2 Group were free from rejection episodes for a significantly longer duration (p �
0.001) and had significantly higher predicted forced expiratory volume in 1 second (%) values (p �
0.001) compared with the Low and High C2 Groups. The percentage of increase in serum creatinine
concentration by the end of first month post-transplant was significantly higher in the Intermediate
C2 Group (p � 0.003).

onclusions: CsA C2 concentrations correlated better with the incidence of multiple rejections after lung
transplantation than did C0 or C6. C2 concentrations between 1,000 and 1,500 �g/liter within the
first post-operative month may be associated with better graft outcomes and improved pulmonary
function and worsened renal function. J Heart Lung Transplant 2005;24:2120–8. Copyright © 2005
by the International Society for Heart and Lung Transplantation.
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ung transplantation is a common life-saving interven-
ion for the treatment of end-stage lung disease. The
uccess of lung transplantation, however, is still lower
han that for other solid organ transplants, and the
urvival half-life for single- or double-lung transplant
ecipients is only 4.4 years.1

Bronchiolitis obliterans syndrome (BOS), an end-
tage and potentially fatal lung disease, which by the
fth year after transplantation develops in approxi-
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ately 50% of all adult lung transplant recipients,1 is
ne of the major factors contributing to poor long-term
urvival after lung transplantation.2 Acute rejection
pisodes in the early post-operative period are the most
ignificant risk factor for the development of BOS after
ung or heart-lung transplantation.3 Optimizing immu-
otherapy is therefore imperative for preventing acute
ejection and improving long-term results in lung trans-
lantation.
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Approximately 40% of all lung transplant recipients
eceive cyclosporine (CsA) as part of the maintenance
mmunosuppressive regimen at 1 and 5 years after
ransplantation.1 Therapeutic monitoring is a necessity
ith CsA therapy because of its variable pharmacoki-
etics, narrow therapeutic index, and significant side
ffects, including nephrotoxicity.
Although CsA dosing is generally based on trough

oncentrations (C0), the correlation between C0 and
ost-transplant outcomes is poor.4 The area-under-the-
oncentration-time curve (AUC) is a better measure of
otal exposure to CsA and its immunosuppressive
ctivity.5 Routine monitoring of CsA AUC is impracti-
al, but pharmacokinetic studies performed with the
icroemulsified formulation of CsA (Novartis Pharma-

euticals, Frimely, UK) showed that the AUC0 to 4 hours

as a more sensitive marker of CsA absorption than was
0 and furthermore demonstrated that the 2-hour post-
ose sampling point (C2) was the most accurate single-
oint measure of CsA AUC0 to 4 hours.

6

Importantly, CsA C2 concentrations are predictive of
linical outcomes in kidney,7 liver,8 and heart9,10 trans-
lant recipients. A recent randomized, multicenter,
pen-label clinical trial in de novo liver transplant
ecipients also showed that the efficacy of immunosup-
ression was similar in patients treated with Neoral
Novartis Pharmaceuticals) using C2 monitoring or
ith tacrolimus, with the exception of a significantly
igher incidence of diabetes mellitus in the tacrolimus
roup.11

Although the reliability of CsA C2 monitoring has
een established for kidney, liver, and heart transplant
ecipients, its use in lung transplantation remains to be
ested and validated. In a previous randomized, pro-
pective clinical trial that compared outcomes after use
f Neoral or Sandimmune (Novartis Pharmaceuticals) in
e novo lung transplant recipients, we detected no
ssociation between any single-point CsA measurement
nd clinical outcomes.12 However, the analysis in that
tudy was focused on comparing the pharmacodynam-
cs of the 2 CsA preparations and was not optimized to
xamine the relationship of pharmacokinetic parame-
ers with clinical outcomes.12 In this study, we have
eanalyzed the pharmacokinetics data from the clinical
rial to investigate the relationship between CsA C0, C2,
6, and AUC0 to 6 hours in the first post-operative month
nd clinical outcomes in the first year after transplanta-
ion.

ATERIALS AND METHODS
atients and Study Design

he original clinical study was a 1-year randomized,
rospective, open-label trial that compared the efficacy
nd safety of the microemulsified formulation of CsA

Neoral) (n � 27) vs the conventional formulation b
Sandimmune) (n � 21) in 48 consecutive lung trans-
lant recipients.12 Dosing for CsA was based on Ctrough

C0) monitoring. The original study was approved by
ocal ethics committees and was conducted in accor-
ance with guidelines established by the Declaration of
elsinki. All patients gave written informed consent.
he Institutional Review Board at the University of
hode Island approved the data analysis.
All patients received intravenous (IV) methylpred-

isolone (500 mg) and rabbit anti-thymocytes globulin
nduction immunosuppressive therapy followed by

aintenance triple therapy with oral CsA, azathioprine,
nd prednisolone. An initial 50-mg oral dose of Sandim-
une or Neoral was administered on Day 1 post-

ransplantation, with a 50-mg increase at each dosing
eriod until target trough concentrations of CsA were
eached (300 to 400 �g/liter at Months 1 and 2; 200 to
00 �g/liter between Months 3 and 12). Cyclosporine
ose adjustment throughout the entire follow-up period
as based on trough concentrations, hence physicians

nd histopathologists were blinded to randomization of
he patients to the Sandimmune or Neoral arms of the
tudy and were not aware of the cyclosporine C2 or C6
evels. Patients with cystic fibrosis received their daily
ose of CsA at 8-hour intervals concomitantly with pan-
reatic enzyme supplements. Laboratory and clinical
valuations were performed at baseline (pre-transplant)
nd at the end of weeks 1, 2, 3, 4, 13, 26, 39, and 52.

To investigate the effect of CsA C2 in the first month
ost-transplantation on clinical outcomes, the patients
ere stratified into 3 groups by their average CsA C2

oncentration during Month 1 as follows: Low (�1,000
g/liter; n � 18), Intermediate (1,000 to 1,500 �g/liter;
� 16), and High (�1,500 �g/liter; n � 14).

harmacokinetic Analysis

bbreviated blood CsA concentration-time profiles were
btained by measuring CsA concentrations predose and
t 2 and 6 hours post-dose at weeks 1, 2, 3, 4, 13, 26, 39,
nd 52 after transplantation. The CsA AUC0 to 6 hours was
alculated with the linear trapezoidal rule.13 CsA con-
entrations in whole blood were measured by an
ccredited clinical laboratory with a homogeneous En-
yme Multiplied Immunoassay Technique (EMIT 2000,
ade-Behring Diagnostic UK, Ltd, Milton Keynes, UK).

linical Outcomes

cute rejection. Episodes of clinically significant acute
ejection were diagnosed from the presence of charac-
eristic histopathologic changes in transbronchial biop-
ies, as defined by International Society of Heart and
ung Transplantation criteria,14 combined with the
equirement for augmented immunosuppression. Ac-
ording to the transplant protocol, a transbronchial

iopsy was carried out at the end of first post-operative
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onth and at other times when indicated clinically and
ead by a histopathologist who was blinded to trial
andomization or CsA concentration levels. In the ab-
ence of histopathologic confirmation, acute rejection
as diagnosed from characteristic clinical, radiologic,

nd functional criteria as well as an appropriate re-
ponse to augmented immunosuppression. Rejection
pisodes were treated with intravenous doses of meth-
lprednisolone (500 to 1,000 mg), usually administered
ver 3 consecutive days.

ung function. The forced expiratory volume in 1
econd (FEV1) was measured at each post-transplanta-
ion visit in the lung function laboratory. In addition,
he predicted FEV1 was calculated to normalize FEV1

alues for height and gender according to the Quanjer
quation.15 The results of lung function tests performed
y patients at home using a portable spirometer were
lso recorded.

nfection. Episodes of infection were diagnosed from
ulture, serology, or diagnostic histopathology com-
ined with appropriate antibiotic therapy. Alterna-
ively, in the absence of microbiologic confirmation,
nfection was diagnosed from the presence of fever
maximum temperature �38°C) combined with char-
cteristic clinical manifestations such as changes in
adiologic results and appropriate antibiotic treatment.

lood pressure. Systolic blood pressure (SBP) and
iastolic blood pressure (DBP) were recorded, and
ean arterial pressure (MAP) was calculated according

o the following equation: MAP � [(2 � DBP) � SBP]/3.

enal function. In addition to the routine measure-
ent of serum creatinine, creatinine clearance was
easured by 24-hour urine collection at 1, 2, 3, 4, 13,

6, 39, and 52 weeks post-transplant and was also
alculated using routinely measured serum creatinine
ith the Cockcroft-Gault formula. Plasma cystatin C

oncentrations were measured as an indicator of glo-
erular filtration rate.

tatistical Analysis

he results from the Sandimmune and Neoral arms of
he original study were pooled. Data were analyzed
ith SPSS (version 10.1.0) statistical software (SPSS Inc,
hicago, IL) and the results were double checked with
AS (version 9.0) statistical software (SAS Inc, Cary, NC)
or Windows (Microsoft, Redmond, WA). A p value of
0.05 was considered statistically significant. The results

f all normally distributed data are reported as mean � SD.
To test for normal distribution, all continuous vari-

bles were subjected to Shapiro-Wilk’s test and also
valuated for the degree of skewness and kurtosis. If all
criteria showed the variable to be non-normally r
istributed, data were transformed to natural logarithm
alues, subjected to appropriate statistical tests, and
eported as the back-transformed values of the mean
geometric mean) with 95% confidence intervals (CI). If
ransformation did not result in a normal distribution of
he data, appropriate nonparametric tests were used.

Pearson’s correlation coefficient was calculated to
etermine the association between 2 continuous vari-
bles, and the chi-square test was used to assess differ-
nces in proportions. The independent samples t-test
as used to compare the means of 2 groups, and the
ann-Whitney U-test was used if the variable was not
ormally distributed.
The 1-way analysis of variance (ANOVA) procedure
as used to perform ANOVA for parametric data, and

he Kruskal-Wallis H-test was used for nonparametric
ata. Scheffé’s post-hoc multiple comparison test was
erformed after parametric 1-way ANOVA to identify
air-wise differences between groups. The Kaplan-
eier procedure followed by the log-rank (Mantel-Cox)

est was performed to characterize freedom from rejec-
ion or infection episodes between different groups of
atients.

ESULTS
aseline Demographic and Clinical Characteristics

he demographic characteristics of the patient popula-
ion are summarized in Table 1. Data were available for
8 patients. The median duration of follow-up was 380
ays, with the exception of 2 patients who died from

nfection at Days 23 and 51 post-transplant. Emphysema
nd cystic fibrosis were the most common diagnosis

able 1. Baseline Demographic and Clinical Characteristics

otal (n) 48
ender (n [%])
Male 26 (54)
Female 22 (46)

ge (yrs) (mean � SD [range]) 42 � 13 (19–66)
eight (kg) (mean � SD) 61 � 13
sA formulation (‰)

Sandimmune 21 (44)
Neoral 27 (56)

ype of transplant (%)
Heart-lung transplant 21 (44)
Single lung Transplant 18 (38)
Double lung transplant 9 (19)

rimary diagnosis (%)
Emphysema 13 (27)
Cystic fibrosis 8 (17)
Eisenmenger’s syndrome 6 (13)
Bronchiactasis 6 (13)
Other 15 (31)

aseline serum creatinine (�mol/liter)
(mean � SD)

89.9 � 19.9
equiring lung transplantation.
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The mean oral doses of prednisolone and azathio-
rine were 24.8 � 19.1 mg/day and 93 � 38 mg/day,
espectively, at the first post-transplant month and were
educed to 8.8 � 4.1 mg/day and 61 � 29 mg/day,
espectively, by 12 months post-transplant. The Low,
ntermediate and High CsA C2 Groups included 3, 4,
nd 1 patient with cystic fibrosis, respectively.

orrelation of Single-Point CsA Concentrations with
UC0 to 6 hours

total of 343 abbreviated CsA profiles were available.
f these, 36 were obtained from 11 patients in whom

he CsA dose was reduced because of the concomitant
dministration of itraconazole (400–600 mg/day) at
ome time during the 12-month period. These profiles
ere included in the overall analysis, because after dose

djustment, CsA C0 and C2 were similar with or
ithout itraconazole administration. The association
etween CsA C0, C2, or C6 with CsA AUC0 to 6 hours is
hown in Figure 1. CsA C2 provided the best single-
oint determinant for AUC0 to 6 hours (r2 � 0.934). This
elationship between C2 and AUC0 to 6 hours was also
bserved when the data for Sandimmune and Neoral
ere examined separately (r2 � 0.88 for Sandimmune

nd r2 � 0.95 for Neoral).

ssociation between CsA Concentration and
llograft Rejection

ver the first 12 months, 83 episodes of treated acute
ejections were recorded, with a median of 2 episodes
range, 0–7) per patient. Multiple rejection episodes,
efined as �2 episodes of treated acute rejection,
ccurred in 7 patients, with a similar frequency in both
rms (Neoral, 3; Sandimmune, 4; p � 0.68). The mean
rst-year CsA C2 and AUC0 to 6 hours were significantly

ower in patients with �2 rejection episodes compared
ith those with �2 rejection episodes (C2: 875 � 546
g/liter vs 1,114 � 633 �g/liter, p � 0.01; AUC0–6 hours:

igure 1. Association of cyclosporine (CsA) concentrations predose (A
f 0 to 6 hours (AUC0 to 6 hours.)
,036 � 1904 �g � hour/liter vs 4,870 � 2,182 �g � 0
our/liter; p � 0.01) whereas mean first-year C0 and C6
id not differ between the 2 groups (Figure 2).
We next compared rejection-free periods in patients

tratified according to mean C2 in the first post-opera-
ive month (Figure 3). The mean rejection-free duration
as 197 days (95% CI, 194–200 days) for the Low C2
roup, 226 days (95% CI, 223–229 days) for the Inter-
ediate C2 Group, and 191 days (95% CI, 188–194

ays) for the High C2 Group, indicating that patients in
he Intermediate C2 Group remained free of rejection
or a significantly longer period compared with the Low
r the High C2 Groups (p � 0.0001). No differences in
ejection-free times were noted between the Low and
igh C2 Groups. The 3 groups did not differ signifi-
antly (p � 0.4) in the average number of rejections per
atient (Table 2).

ssociation between CsA Concentration and Other
linical Outcomes

nfections. A total of 71 episodes of infections were
bserved, with a range of 0 to 5 episodes per patient.
hese included 53 episodes of bacterial infection, 10 of

ungal infection, and 8 of viral infection. There was no
ignificant difference in the number of infections be-
ween the Sandimmune and Neoral arms of the study
p � 0.96). No single-point concentration of CsA (C0,
2, or C6) or the AUC0 to 6 hours differed significantly
etween patients who experienced �2 episodes of

nfection and those who experienced �2 episodes of
nfections. In addition, there was no significant differ-
nce in the number of infection episodes among pa-
ients stratified according to first-month C2 (Table 2).

ulmonary function. In total, 645 FEV1 observations
ere available with a mean value of 2.20 � 0.91 liter,
hich corresponded to a predicted FEV1 value of

7% � 25%. Home spirometry yielded an additional
,775 measurements, with a mean FEV1 value of 2.20 �

d at 2 (B) and 6 (C) hours post-dose with area-under-the-time curve
) an
.85 liter. The predicted FEV1 was 70.1% � 25.5% for
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atients with �2 rejections compared with 49.2% �
5.2% for patients with �2 rejections (p � 0.0001). All

ung function parameters, including FEV1, FEV1% pre-
icted and home spirometry results, differed significantly
mong the 3 C2 groups (Table 2) (Figure 4). Lung function
n the Intermediate C2 Group was superior to that in the
ther 2 groups, as evidenced by significantly higher values
or all 3 lung function parameters in this group. The results
f lung function tests were similar in patients with mean
2 concentrations �1,000 �g/liter or �1,500 �g/liter.
here was no significant difference in the proportion of
atients who received heart-lung, single-lung, or dou-
le-lung transplants (p � 0.23) (Table 2).

enal function. The mean 12-month serum creatinine
oncentration, based on 1,693 observations (17–77 per

igure 2. (A) Mean and 95% confidence intervals of 12-month cyclo
r without multiple rejection episodes. (B) Mean and 95% confidenc
AUC0 to 6 hours) in patients with or without multiple rejection episo

igure 3. Kaplan-Meier plot for freedom from allograft rejection in
roups stratified by first-month C2. The p value reflects the level of
ignificance between the intermediate group (C2, 1,000–1,500 �g/
siter) and the other 2 groups.
atient), was 125 � 54.8 �mol/liter. The median creat-
nine clearance was 58.0 � 19.8 ml/min (range, 10–136

l/min). No significant correlation was observed be-
ween any of the kidney function indices (routinely
easured serum creatinine, measured or calculated

reatinine clearance, and serum cystatin C concentra-
ion) with CsA C0, C2, or C6 level or AUC0 to 6 hours. The
ean serum creatinine concentration during the first

ear and the mean percent increase in serum creatinine
oncentration from baseline during the first month
ere significantly higher in patients with intermediate
2, whereas the measured or the calculated creatinine
learance value did not differ among the 3 groups (p �
.09) (Table 2). Serum creatinine concentration at 1
ear post-transplant was 147 � 64 �mol/liter for the
ow, 160 � 52 �mol/liter for the Intermediate and
45 � 37 �mol/liter for the High Groups (p � 0.42).
he mean percentage increase in serum creatinine from
aseline remained significantly higher in the Intermedi-
te Group at 3, 6, and 12 months post-transplant;
owever, the concentrations of cystatin C were not
ifferent among the 3 groups.

lood pressure. In total, 1,891 measurements of systolic
SBP) and diastolic blood pressure (DBP) were available,
ith 11 to 127 measurements per patient. The mean

alculated MAP was 98.1 mm Hg. A linear trend was noted
mong all 3 measures of blood pressure and the CsA C2
trata (p � 0.001); with increasing CsA C2, a correspond-
ng increase was observed in SBP, DBP, and MAP. How-
ver, none of the measured CsA pharmacokinetic param-
ters, including C2 and AUC0 to 6 hours, correlated

orine concentrations at 0, 2, and 6 hours post-dose in patients with
ntervals of cyclosporine area-under-the-time curve of 0 to 6 hours
.

sp
e i
ignificantly with any of the blood pressure indices.
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ISCUSSION
he need to optimize immunosuppression in lung

ransplantation is highlighted by the increased inci-
ence of acute rejection and poorer outcomes after

ung transplantation compared with other solid organ
ransplants.2 The immunosuppressive activity of CsA is
ighly dependent on systemic exposure, which most
ommonly is measured with the C0. Variability in CsA

able 2. Post-transplant Clinical Outcomes According to Mean First-M

Low C2
�1000 �g/L

(n � 18)

andimmune/Neoral (S/N) 16 S/2 N
ype of transplant (HL/SL/DL)# 7 HL/6 SL/5 DL
sA dose (mg/kg/day) 7.38 � 4.08
linically measured C0 (�g/liter) 355 � 154
sA C2 concentration (�g/liter) (CV%) 631 � 210 (33.0%)
UC0-6 hr (�g · hr/liter) 3444 � 1599
ejections/patient (n) 1.67 � 1.19

nfections/patient (n) 1.67 � 1.49
EV1 (Liter) 2.01 � 0.75
redicted FEV1 (%) 64.0 � 24.8
EV1 (portable spirometer) (liter) 1.95 � 0.83
cr (�mol/L) 120 � 63

increase in Scr§ 18.6 � 46.6
reatinine Clearance (mL/min) 58.1 � 20.5
BP (mm/Hg) 127 � 15
BP (mm/Hg) 78 � 12
AP (mm/Hg) 94 � 12

UC, area under the curve; CsA, cyclosporine; CV: coefficient of variation; DBP,
rterial pressure; SBP, systolic blood pressure; Scr, serum creatinine.

*Significantly lower than the other two groups.
#HL: Heart-Lung Transplant; SL: Single-Lung Transplant; DL: Double-Lung T
†Significantly different from the other two groups.
§Percent increase in serum creatinine in the first post transplant month from

igure 4. Pulmonary function over the first 6 months post-transplan-
ation in patients stratified by first-month C2 (*p � 0.05 and **p �
.01; level of difference between C2: 1,000–1,500 �g/liter). FEV1,
1orced expiratory volume in 1 second.
0 is a significant risk factor for acute lung rejection in
he early post-transplant period.16 Recently, C2 has
merged as a more accurate and consistent single-point
redictor of exposure to CsA than C0,17,18 and a
umber of clinical studies have documented the close
ssociation between CsA C2 and post-transplant out-
omes in kidney,7,19–21 liver,22–24 and heart10 transplant
ecipients. Little data are available on CsA monitoring
fter lung transplantation, however, and the optimal
oncentration range for CsA C2 has not been estab-
ished for lung transplant recipients.

To our knowledge, this report is one of the first
tudies to characterize the relationship between CsA
oncentrations and clinical outcomes after lung trans-
lantation. We show that in de novo lung transplant
ecipients, CsA C2 is superior to C0 and C6 as a single-
oint estimate of CsA exposure, as measured by AUC0 to 6

ours. Importantly, both C2 and AUC0 to 6 hours, but not C0
r C6, demonstrated a significant association with clinical
utcomes, including acute rejection episodes and lung
unction. A higher frequency of rejection was associated
ith a significantly lower mean 12-month C2 and AUC0 to

hours, whereas there was no association of rejection
requency with the mean C0 or C6. Clinical outcomes
ere related to the mean C2 in the first post-operative
onth. Patients in the intermediate C2 group (1,000 to

th Cyclosporine C2

Patient Groups

p

Intermediate C2
1000–1500 �g/L

(n � 16)

High C2
�1500 �g/L

(n � 14)

4 S/12 N 1 S/13 N �0.001
10 HL/4 SL/2 DL 4 HL/8 SL/2 DL 0.23

7.42 � 4.59 6.26 � 4.13* �0.001
365 � 162 361 � 147 0.60

1204 � 108 (8.9%) 1799 � 213 (11.8%) �0.00001
4901 � 1759 6109 � 2264 �0.00001
1.56 � 1.63 2.00 � 1.51 0.40
1.31 � 1.25 1.57 � 1.45 0.76
2.53 � 1.03† 1.86 � 0.76 �0.001
74.4 � 26.9† 58.7 � 20.7 �0.001
2.61 � 0.81† 1.93 � 0.42 �0.001
135 � 55† 119 � 42 �0.001
35.8 � 61.7† 16.8 � 34.6 �0.003
59.4 � 19.4 56.5 � 19.3 0.09
131 � 17 142 � 20 �0.001
80 � 11 85 � 13 �0.001
97 � 12 104 � 14 �0.001

stolic blood pressure; FEV1, Forced expiratory volume in 1 second; MAP, mean

splant.

aseline.
on

dia

ran
,500 �g/liter) had a significantly longer rejection-free
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eriod and better lung function compared with patients
hose mean C2 was �1,000 �g/liter or �1,500 �g/liter.
The pharmacokinetic and clinical data for this study
ere obtained from a prospective trial in 48 de novo

ung transplant recipients who received either Neoral
r Sandimmune and who were maintained on similar
rough concentrations of CsA. The analysis from that
tudy showed that both C2 and AUC0 to 6 hours, but not
0 or C6, were significantly higher with the use of
eoral compared with Sandimmune and also that Ne-
ral significantly reduced intra- and inter-patient vari-
bility in these parameters. Despite these differences, C2
as the parameter that associated best with AUC0 to 6 hours

or both formulations. Furthermore, the 2 groups were
imilar with respect to clinical outcomes such as acute
ejection episodes, infections, and laboratory variables.
herefore, in the current analysis, we combined data from
oth arms of the original study, which provided us with a
otal of 341 abbreviated CsA profiles obtained at various
ntervals in the first post-operative year. The availability of

wide range of C2 concentrations also allowed us to
nalyze clinical outcomes in 3 groups of patients stratified
y the mean C2 in the first post-operative month, as
dequate immunosuppression during the first post-opera-
ive month is critical to subsequent graft outcomes.

Our finding that C2, but not C0 or C6, was a strong
redictor of exposure to CsA (AUC0–6 hours) (r2 �
.934) in lung transplant recipients confirms a similar
elationship reported in renal and liver transplanta-
ion.18 An examination of CsA concentrations and clinical
utcomes revealed that only the C2 and AUC0 to 6 hours

howed an association with multiple rejection episodes.
hus, mean 12-month C2 and AUC0 to 6 hours were
ignificantly higher in patients who experienced �2
ejection episodes compared with those who experi-
nced multiple rejection episodes; by contrast, the
ean C0 and C6 did not differ in the 2 patient groups.
s a result of multiple allograft rejections, the lung

unction, as characterized by FEV1, in these patients
ere compromised. A previous analysis of the data

rom this trial had suggested that C0 but not C2 or C6
as associated with the risk of acute rejection; how-

ver, those data were based on a limited analysis of only
7% of the pharmacokinetics profiles,12 whereas clini-
ally measured C0 concentrations were measured at
,496 occasions. The current findings support the
esults of another recent study that demonstrated a
rend toward fewer and less severe rejection episodes
fter C2 monitoring in 2 sequential groups of 18 de
ovo double-lung transplant recipients monitored with
2 vs C0.25

Our results also suggest that a CsA C2 between 1,000
nd 1,500 �g/liter in the first post-transplant month is
ssociated with significantly better graft outcomes and

ulmonary function than higher or lower C2. Thus, c
ompared with the Low and High C2 Groups, the
ntermediate C2 Group remained rejection free for a
ignificantly longer period and also had significantly
igher values for all 3 indices of lung function, although
he frequency of first-year rejection was similar in the 3
roups. It is important to note that in this study,
atients with an average C2 �1,500 �g/liter had a
roportionately higher number of rejections and poorer

ung function compared with patients in the Interme-
iate Group. Patients within the High C2 Group may
ave been over-immunosuppressed because most re-
eived Neoral, which increases CsA exposure, and
ecause monitoring was based on C0. Over-immuno-
uppression, theoretically, may trigger episodes of re-
ection by lowering innate lung immunity, which in-
reases susceptibility to infection and hence the risk of
ejection.2

Thirty-two of 83 rejections occurred in this study
uring or within 4 days of an infection episode; how-
ver, the patients with high cyclosporine C2 levels did
ot have higher number of infection episodes. This
bservation may also explain the unusual finding of an
bsence of any difference in post-transplant clinical
utcomes between Sandimmune and Neoral in the
riginal study.12

There was no significant relationship between C2
nd episodes of infection, a finding similar to that of
orton et al25 in their trial of C0 vs C2 monitoring.
owever, in another study in 15 lung transplant recip-

ents, patients diagnosed with cytomegalovirus infec-
ion had significantly higher mean CsA C2, compared
ith those without cytomegalovirus infection.26 We did
ot examine this relationship because only 8 patients in
ur study had a viral infection.
Renal function, as judged by serum creatinine con-

entration, was poorer in patients with intermediate C2
han in the Low and High C2 Groups. Both the serum
reatinine level and the percent increase in serum
reatinine concentration from baseline were signifi-
antly higher in patients with intermediate CsA C2,
lthough neither creatinine clearance nor cystatin C
oncentrations differed among the 3 groups. In a study
f 15 stable lung transplant recipients, Glanville et al27

ound that switching patients with abnormal renal
unction from C0 monitoring to C2 monitoring with a
arget of 300 to 600 �g/liter improved renal function
ignificantly and also reduced the dose of CsA by
pproximately 50%.

The data from this study have been used to develop
population pharmacokinetics model to predict the

pparent clearance (CL/F) and concentrations of CsA
n lung transplant recipients.28 We have found that
he apparent clearance of CsA is influenced by the
sA formulation, concomitant administration of itra-

onazole, presence of cystic fibrosis, and patient
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eight. In a clinical setting, this model would be
seful for predicting the apparent clearance of CsA
nd, therefore, for calculating initial or maintenance
oses of CsA.

ONCLUSION

his study shows that CsA C2 was the best single-point
redictor of AUC0 to 6 hours in de novo lung transplant
ecipients. Both CsA C2 and AUC0 to 6 hours showed an
ssociation with multiple rejection episodes. Further-
ore, an average CsA C2 of between 1,000 and 1,500
g/liter in the first post-transplant month was associ-
ted with a significantly longer rejection-free period and
etter lung function; however, this concentration range
ay also associate with poorer renal function. The

esults of this study suggest that measuring C2 may
rovide a more accurate method for monitoring CsA
xposure after lung transplantation. The usefulness of
his method must be further evaluated in a randomized,
rospective clinical trial.

pecial thanks to Keith McNeil, MBBS, the cardiopulmonary

ransplant physician at Papworth Hospital, and Louise Steel,

Sc, for her meticulous data collection for the original clinical

tudy.
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