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While cyclosporine is recommended to be used only in conjunction
with monitoring of its blood concentrations, the utility of these mea-
surements in preventing treatment failure is not established. In a
group of 52 patients trough levels and steady-state concentrations
were monitored in serum and whole blood by specific (SP) and
nonspecific (NS) assays (polyclonal radioimmunoassay, PR; fluo-
rescence polarization immunoassay, FP; high-pressure liquid chro-
matography, HP). From as many as 10 determinations of trough
level and steady state concentrations during the first 40 days after
renal transplantation, the lowest measurement was selected. In the
case of an acute rejection episode within that time period, only
values until that event were considered. Trough level measurements
in serum by PR/NS and by FP/NS and in whole blood by HP/SP
were not significantly different between patients with and patients
without rejection episodes. However, simultaneously measured
steady-state values (serum/PR/NS and serum/FP/NS) were signifi-
cantly lower in patients suffering from rejection (with rejection SS/
serum/PR/NS mean = 127 ng/ml, SD = 41 ng/ml; without rejection
mean = 163 ng/ml, SD = 60 ng/ml; P = 0.027, ¢ test). This differ-
ence could not be demonstrated for steady state/whole blood/HP/SP
measurements. A logistic regression analysis demonstrated that the
probability of rejection can be decreased by up to 40% if steady
state/serum/PR/NS or steady state/serum/FP/NS values never drop
below 250 ng/ml early after renal transplantation.
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INTRODUCTION

A new strategy of optimizing cyclosporine dosage in
individual patients used pretransplant pharmacokinetic stud-
ies to determine the initial dose rate after renal transplanta-

! Presented in preliminary form at the 1989 Annual Meeting of the
American Association of Pharmaceutical Scientists and at the
““Expert Workshop on Cyclosporine Monitoring,”” Florida, Janu-
ary 1990.

2 Division of Immunology and Organ Transplantation, Department
of Surgery, University of Texas Medical School at Houston,
Houston, Texas 77030.

3 Division of Clinical Pharmacology, Department of Pharmacology,
University of Texas Medical School at Houston, Houston, Texas
77030.

4 Department of Biomathematics, University of Texas System Can-
cer Center, M.D. Anderson Hospital and Tumor Institute, Hous-
ton, Texas 77030.

5 To whom correspondence should be addressed at Division of Im-
munology and Organ Transplantation, University of Texas Medi-
cal School, 6431 Fannin, MSB 6.252, Houston, Texas 77030.

0724-8741/91/0200-0278$06.50/0 © 1991 Plenum Publishing Corporation

Report

tion, and it uses steady-state concentrations thereafter to
adjust these rates if necessary (1). The strategy affords cy-
closporine blood concentrations within the targeted range
with a higher precision than conventional trough-level mon-
itoring (2). Temptative target ranges are defined for several
of the currently available assay methods in serum and whole
blood (3).

The present analysis compares the clinical utility of
trough level and steady-state concentration monitoring in
serum by the nonspecific polyclonal radioimmunoassay and
fluorescence polarization immunoassay and in whole blood
by specific high-pressure liquid chromatography. Specifi-
cally the question is asked whether a low concentration of
cyclosporine which persisted for at least 3 days is associated
with a higher risk of a rejection episode during the following
days.

METHODS

Fifty-two consecutive renal transplant patients were
considered in this retrospective analysis between January
1988 and October 1988. The total number of patients trans-
planted in that time period was 65. Patients receiving pro-
phylactic antilymphocyte globulin on day 1 after transplan-
tation and those experiencing hyperacute rejection between
day 1 and day 3 were not included in the analysis. Among the
group of 52, 10% received second- or higher-order trans-
plants, 19% were diabetic before transplantation, 35% re-
ceived grafts from living-related donors, and 36% were fe-
male. Among the patients of nonwhite race (42%), Afro-
Americans were the largest group (19% of the total
population). The mean age was 40 years (median = 40, SD
= 12, min = 18, max = 65), and the mean weight was 69 kg
(median 66, SD = 18, min = 40, max = 133). Only acute
rejection episodes occurring between day 3 and day 40 after
transplantation were counted in the analysis. Each episode
was confirmed by a biopsy and by a reevaluation of the
clinical course 6 months after transplantation.

All patients received individualized intravenous and
oral starting doses according to the pharmacokinetic moni-
toring strategy (1). Analysis of blood samples drawn be-
tween 44 and 48 hr after the start of the continuous cyclo-
sporine infusion indicated that steady-state concentrations
were attained. For patients undergoing several absorption
tests of oral cyclosporine (1), additional infusion steady-state
concentrations were available. During the third oral dosing
interval without infusion a series of blood samples was ob-
tained (0, 2, 4, 6, 10, 14, and 24 hr for once-daily dosing; 0,
2, 4, 8, and 12 hr for twice-daily dosing), and the area under
the drug concentrations—time curve at steady state (AUC,,)
was calculated by the trapezoidal rule. An average concen-
tration at steady state was obtained during oral dosing by
dividing the AUC by the dosing interval. The steady-state
concentration data sets which were compared to trough lev-
els were obtained in 25% of the sets during continuous infu-
sions and in 75% during oral dosing. The trough-level data
sets consisted of the 12- and 24-hr concentrations of the
AUC,, during oral twice-daily and once-daily dosing, re-
spectively. During the intravenous infusion of cyclosporine,
the last in each series of steady-state concentrations was
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designated a trough level. This definition of trough levels
does not follow pharmacokinetic rules, but it follows the
practical use of cyclosporine concentrations by most trans-
plant physicians and is, therefore, appropriate for the
present type of comparison.

Blood samples were either collected in tubes containing
ethylenediaminetetraacetic acid (EDTA) disodium salt (for
whole blood) or clotted in plain tubes at room temperature
for more than 2 hr (serum). At each time point, both types of
samples were obtained. Serum samples were analyzed by
two types of nonspecific assay methods: a polyclonal radio-
immunoassay of Sandoz (4) and a polyclonal fluorescence
polarization immunoassay of Abbott (5). The content of un-
changed cyclosporine was specifically determined in whole
blood samples by a high-pressure liquid chromatographic as-
say using solid phase extraction as sample preparation (6).

Standard hypothesis testing was used for the initial com-
parison between data sets. The distribution of each data set
was tested for normality by the Wilk—Shapiro test. Normally
distributed sets were compared by the ¢ test; all other sets
were compared by the signed-rank test. When blood con-
centrations of rejecting and nonrejecting patients showed a
difference of at least borderline significance, two types of
regression analyses of the probability of rejection versus the
concentration were performed. First, a nonparametric re-
gression line was drawn for the declining probability of re-
jection with increasing blood concentrations. This line was
smoothed by the LOWESS technique (7). Second, the data
was fitted by a logistic regression model (SAS statistical soft-
ware):
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where p(rj) is the probability of rejection, s is the number of
patients with rejection, n is the total number of patients, and
u 1s the linear function of the independent variable, i.e., the
concentration ¥ = intercept + slope - concentration.

The two regression parameters (intercept and slope)
were estimated by a maximum-likelihood method. The good-
ness of fit of the model was evaluated by the chi-square
statistics.

Table I. Cyclosporine Blood Concentrations in
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RESULTS

The cyclosporin concentrations (Table I) reflect either
an intravenous or an oral steady-state dosing situation. The
lowest trough-level or steady-state concentration before or
at a rejection episode or during the first 40 days posttrans-
plant in the absence of such episodes is listed. There was no
significant difference between trough levels in patients with
and patients without rejection episodes. This finding was
consistent in all three assays. Also, steady-state concentra-
tions measured by the specific liquid chromatographic
method in whole blood did not differ between the two groups
of patients. The difference between serum steady-state con-
centrations in rejecting and nonrejecting patients as mea-
sured by the fluorescence polarization immunoassay
reached borderline significance. A much clearer distinction
was reached by assaying the same samples with the radio-
immunoassay. The lowest steady-state concentration expe-
rienced by patients with rejection (mean = 127 ng/ml, SD =
41 ng/ml) was significantly different (P = 0.027) from the
lowest concentration in patients without rejection (Table I).

Those two data sets consisting of steady-state concen-
trations and displaying borderline or full significance were
subjected to two types of regression analyses displayed in
Figs. 1 and 2. The nonparametric regression provided a vi-
sual impression of the decline in the probability of rejection
with increasing concentrations. A logistic regression analy-
sis provided a continuous model for the empiric relationship.
The regression parameters and goodness-of-fit statistics are
listed in Table II. The shallower slope of the regression for
the fluorescence polarization immunoassay (—0.0093 ml/ng)
compared to the radioimmunoassay (—0.014 ml/ng) con-
firmed the impression given by the nonparametric regres-
sion. The logistic regression models predicted that the prob-
ability of acute rejection could be reduced up to 40% if
steady-state concentrations never fell below 250 ng/ml in
serum as determined by the polyclonal assays.

DISCUSSION

Even though blood samples for area-under-the-curve
monitoring were obtained from one defined group of 52 renal
transplant patients, the unintended loss of samples resulted

Patients With and Without Acute Graft Rejection

TL/SE/PR/NS? SS/SE/PR/NS TL/SE/FP/NS SS/SE/FP/NS TL/WB/HP/SP SS/WB/HP/SP
Rejection N Y N Y N Y N Y N Y N Y
Mean® — 84 163 127 — — 156 120 — — 268 242
Median® 68 — — — 68 65 — — 104 99 — —
SD — 47 60 41 — — 75 48 — — 108 102
Range 19-187 — — — 23-244  15-165 — — 41-467  45-301 — —
n 33 19 33 19 32 19 32 19 29 16 29 16
SLe P = 0.66 P = 0.027 P = 0.86 P = 0.066 P =078 P = 0.44

4 TL, trough level; SS, steady-state concentration; SE, serum; WB, whole blood; PR, polyclonal radicimmunoassay; FP, fluorescence
polarization immunoassay; HP, high-pressure liquid chromatography; NS, nonspecific; SP, specific for cyclosporine.
b For normally distributed data (Wilk—-Shapiro test), the mean and standard deviation are reported. For log-normally distributed data, the

median and range are reported.

¢ Significance level of the statistical test. When all data were normally distributed, the 7 test was used; otherwise, the signed-rank test was

employed.



280

1.0

0.8

0.6

Probability of Rejection

0.2

0.0
|

50 100 150 200 250 300
SS/SE/PR/NS  (ng/ml)

Fig. 1. Regression analysis of the probability of rejection (ordinate)
versus the lowest steady-state concentration measured in serum by
a nonspecific polyclonal radioimmunoassay before or at the time of
the rejection or during the first 40 days after transplantation in the
absence of acute rejections (abscissa). The stars indicate the lowest
concentration experienced by patients without rejection (at bottom;
n = 33) and by patients with rejection (at top; n = 19). The solid line
is the result of a nonparametic regression analysis, and the dotted
line represents the best fit to a logistic regression model.

in a different total number of patients in the three assay
groups: n = 52 for serum radioimmunoassay, n = 51 for
serum fluorescence polarization immunoassay, and n = 45
for whole-blood liquid chromatography. There is no reason
to expect that these different numbers should have influ-
enced the overall comparison.

According to the monitoring strategy (1), a minimum of
five determinations of steady-state concentrations and
trough levels was available for each patient during the first
40 days posttransplant, unless graft loss caused a premature
end to cyclosporine immunosuppression. More frequent
monitoring was performed in patients requiring adjustments
of the oral dose rate. In agreement with a previous study (8),
trough levels measured at the time of rejection were not
significantly different from trough levels measured in the
absence of rejection (data not shown). The same was true for
steady-state concentrations at the time of rejection. Further-
more, also concentrations obtained during 7 days preceding
the rejection episode were not significantly lower than con-
trol concentrations not preceding rejection (data not shown).
Furthermore, a low cyclosporine concentration may allow
the maturation of competent cytotoxic T cells whose subse-
quent clonal amplification cannot be stopped by cyclospor-
ine and may lead to a rejection episode days later. The low-
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Fig. 2. Regression analysis of the probability of rejection (ordinate)
versus the lowest steady-state concentration measured in serum by
a nonspecific fluorescence polarization immunoassay before or at
the time of the rejection or during the first 40 days after transplan-
tation in the absence of acute rejections (abscissa). The stars indi-
cate the lowest concentration experienced by patients without re-
jection (at bottom; n = 32) and by patients with rejection (at top; n
= 19). The solid line is the result of a nonparametic regression
analysis, and the dotted line represents the best fit to a logistic
regression model.

est steady-state concentration preceded the rejection epi-
sode by up to 48 hr in 11 of 19 cases. In the remaining eight
cases the lowest concentration was measured between 3 and
8 days before the episode. These findings were the basis for
selecting the lowest concentration before a rejection event as
the discerning variable in the investigation of the utility of
different cyclosporine concentrations. This selection was the
result of an empiric process, and the present analysis can,
therefore, not exclude certain clinical utilities for any of the
cyclosporine concentrations. Most noticeably, cyclosporine-
induced toxicities are not part of this analysis, mainly be-
cause the frequency was very low (e.g., 10% for nephrotox-
icity and 0% for hepatotoxicity).

The superiority of steady-state concentrations over
trough levels can be explained when one considers that dur-
ing the intravenous infusion as well as during oral dosing,
steady-state concentrations are derived from at least five
individual concentrations, and they reflect, therefore, the
overall exposure of a patient to cyclosporine much better
than a single determination such as a trough level. On the
other hand, trough levels also were obtained only during
steady-state dosing (infusion for 2 days or oral dosing for
three intervals without a change in the dose rate) and are
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Table II. Parameters of the Logistic Regression of the Probability of Rejection Versus Steady-State Concentration
Concentration® Slope® (mi/ng) Intercept® Significance®
SS/SE/PR/NS ~0.014 (0.0065) 1.43 (0.95) —2 log-likelihood ratio = 5.44
P = 0.02( 1df)
SS/SE/FP/NS —0.0093 (0.0052) 0.75 (0.74) -2 log-likelihood ratio = 3.74

P = 0.05(2 1 df)

@SS, steady-state concentration; SE, serum; PR, polyclonal radioimmunoassay; FP, fluorescence polarization immunoassay; NS, non-

specific.
& Parameters of linear function u of logistic model e*/(1 + ¢“).

¢ The two-parameter logistic model offered a significant improvement over a one-parameter model.

representing more than just a single moment of cyclosporine
activity preceding a rejection episode.

Among the data sets of steady-state concentrations, the
difference between the specific measurement (liquid chro-
matography) in whole blood and the nonspecific measure-
ment in serum was unexpected. At the present time, no data
are available to differentiate between two possibie explana-
tions: (i) about half of the cyclosporine in whole blood is
associated with red blood cells (9) and is, therefore, not
available for immunosuppressive effects; and (it) metabolites
contribute to the therapeutic effect of cyclosporine (10), and
a nonspecific assay, therefore, affords a more relevant mea-
surement. Both arguments, however, can be countered: (i)
cyclosporine bound to lipoproteins can interact with hepa-
tocytes (11), and cyclosporine bound to red blood cells may
interact with lymphocytes; and (ii) a recent conference on
cyclosporine monitoring provided no convincing evidence
for a therapeutic role of cyclosporine metabolities (12).

The good agreement between nonspecific measure-
ments of steady-state concentrations in serum confirms the
close correlation between the radioimmunoassay and the flu-
orescence polarization immunoassay which was recently
published (3). The slope for the regression line in the rela-
tionship with the probability of rejection is, however, shal-
lower in the case of the fluorescence polarization assay. This
assay, consequently, does not predict the probability of re-
jection as reliably as the radioimmunoassay. The difference
may be related to the use of different polyclonal antisera in
the two assays.

In conclusion, steady-state concentration monitoring
which includes the measurement of areas under the curve
after oral dosing affords a prediction of the probability of
rejection, which is not reached by conventional trough-level
monitoring. At the present time, it seems as if this benefit
can be gained only by nonspecific measurements of cyclo-
sporine in serum. Additional studies are necessary to define
the role of specific measurements in whole blood.
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