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An Intelligent and Cost-Effective Computer
Dosing System for Individualizing FK506
Therapy in Transplantation and
Autoimmune Disorders

John McMichael, BSc. Ronald Lieberman. MD, Howard Dovle. MD, Jerrv McCaulev, MD,

John Fung, MD, PhD, and Thomas E. Starzi. MD, PhD

The accuracy and precision of an intelligent dosing system (IDS) for FK506 in predicting
doses to achieve larget drug levels has been prospectivelv evaiuated in transpiant and
autoimmune patients. For dose individualization. the knowledge base is updated with
patient-specific feedback including the current dose. drug level. und the new target level.
The studv population of 147 patients consisted of 97 transplant patients (liver and kid-
ney) and 50 patients with autoimmune disorders. Patients in the transplant studv group
were entered sequentially and followed as a cohort. Patients in the autoimmune studv
group were randomly assigned to one of three predeined FK506 concentration windows
{low, 0.1-.3; medium. 0.4-.7; and high, 0.8-1.3 ng/mL) as part of a concentration con-
trolled clinical trial. Predictions of steadv-state plasma drug levels were made throughout
the clinical course of autoimmune patients and during the first 6 weeks post-transplant in
liver and kidney recipients. FK506 concentration in plasma was measured by a monoclo-
nal antibodyv based ELISA assav. Accuracy was computed as the mean prediction error
(mpe). Precision was computed as the root mean squared prediction error (rmspe). The
accuracy of the (DS in each studv group was as tollows: 0.016 ng/mL (livert, —0.034
ng/mL (kidnev), and —0.022 ng/mL {autoimmune). Because the 95% confidence interval
included zero in each case. the [DS showed no bias. The precision of the IDS in each studv
group was as foilows: 0.133 ng mL (liver). 0.1903 ng,/mL (kidnev). and 0.1188 ng/mL
(autoimmunel. These resuits indicate that the FK506 (DS is both accurate and verv precise
(reproducible) in transplant and autoimmune patients. The pertormance of the FK506
compares ravorably with previouslv reported pharmacokinetic dosing methods such as
popuiation nomograms and adaptive control teedback methods (least-squures and Bave-
sian|. Based on our nndings, this IDS shouid have a number ot important uses relevant to
the drug development process. the prescribing phyvsician and the individual patient. [t
provides an efficient method for implementing concentration controlled clinical trials. It
should accelerate the physician's learning curve while at the same time help to maximize
therapeutic drug efficacv and minimize toxicity with drugs exhibiting nonlinear kinetics
and narrow therapeutic indices. Preliminary studies suggest that these assets result in a
significant cost-benent advantage by reducing the duration of hospitalization. Current
studies are in progress to validate this and carefullv measure its pharmacoeconomic
impact.

FKS506 isa novel and promising new immunosuppres-
sive (IMS) agent currently under active clinical in-
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vestigation for the prevention and control of organ
rejection and the treatment of autoimmune dis-
orders.' Preciinical studies in animal models and ini-
tial clinical experience suggested that FK506 has a
narrow therapeuticindex. large interpatient pharma-
cokinetic (PK) variability with apparent dose-depen-
dent kinetics. and plasma ievel-related systemic tox-
icities.”? Results from recent randomized and
nonrandomized clinical trials further confirm. that
similar to cvclosporine A (CvA), careful controi and
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monitoring of plasma (blood) drug levels of FK506 are
necessary to balance the opposing risks of over-im-
munosuppression such as drug-induced toxicity
(e.g.. nephrotoxicity. infection. tumor) and under-
immunosuppression (e.g.. graft rejection).*s

Previous experience has shown that drug therapy
and patient care can be improved by individualizing
doses in drugs exhibiting a narrow therapeutic
range. large PK variability, and a relationship be-
tween plasma drug levels and clinical pharmacody-
namic (PD) responses (therapeutic and adverse).®’
The optimal use of current immunosuppressive drug
regimens (e.g., CsA. Prednisone. Imuran) in the solid
organ transplant patient requires the need toset ther-
apeutic goals by individualizing polydrug therapy as
a function of patient status, i.e.. level of graft func-
tion, evidence of toxicity, rejection or graft-versus-
host disease and the current plasma CsA drug
level.®?

Therefore. an accurate and simple-to-use dosing
method that would predict doses and/or desired
drug levels in individual patients and at the same
time account for dynamic changes in physiologic sta-
tus should improve patient care by a) reducing sys-
temic drug-related toxicities. b) increasing the time
spent in an effective nontoxic therapeutic range, and
c) decreasing the length of hospitalization. all of
which should result in a cost-benefit advantage. In a
pilot study in solid-organ transplant recipients. we
described our initial clinical experience with a novel
IDS developed for FK506.'° The present study was
undertaken to a) further evaluate the performance of
this FK506 IDS in a larger sequential cohort of pa-
tients undergoing allogeneic liver and kidnev trans-
plantation and b) compare its performance in a group
of patients with autoimmune disorders who were
randomly assigned to predefined FK506 plasma con-
centration windows.

MATERIALS AND METHODS

The FK506 IDS used in this study is a modified artifi-
cial intelligence program designed to learn the dose-
level relationships for FK506 from dosing history and
corresponding drug concentrations. The knowledge
base for the IDS originally derived. consisted of
steadv-state trough FK506 plasma levels in 142 adult
heart. liver and kidnev allograft recipients treated as
both inpatients and outpatients at the University of
Pittsburgh Presbvterian Medical Center under pri-
mary FK506 immunosuppressive therapy January 1,
1990 to December 31, 1590.'°

To cobjectively assess the performance of the
FK506 IDS. a cohort study was conducted at the Uni-
versity of Pittsburgh Medical Center. The entire
study population (n = 147) consisted of a total of 50
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adult liver and 47 adult kidney transplant recipients
as well as 50 nontransplant patients with a variety of
autoimmune disorders such as psoriasis, sclero-
derma. and rheumatoid arthritis. All treatment pro-
tocols were approved by the IRB of the University of
Pittsburgh. Informed consent to use FK506 was ob-
tained in all patients enrolled in these studies. Clini-
cal studies were conducted under IND's 32463
(transplantation), 34570 (psoriasis). 36317 (multiple
sclerosis) 34548 (chronic active hepatitis and IND)
34581 (primary biliary cirrhosis) monitored by the
Food and Drug Administration, Rockvilie. Maryland.
FK506 was provided by the Fujisawa Pharmaceuti-
cal Company of Japan.

Patients in the autoimmune study group were ran-
domly assigned to one of three predefined FK506
concentration windows (0.1-0.3, 0.4-0.7, 0.8-1.3 ng/
mL as part of a concentration controlled clinical trial.
The FK506 IDS was used to guide all doses to prospec-
tively achieve the target level specified in the proto-
col. Predictions of plasma drug levels were made
throughout the clinical course of autoimmune pa-
tients and during the first 6 weeks of the post-trans-
plant course of transplant patients including both in-
travenous and oral doses of FK506.

To be eligible for this cohort study. patients were
required to have consecutive doses and correspond-
ing plasma levels obtained after achieving steadyv-
state, i.e.. at least 3 days of the current dose at regular
intervals (e.g. every 12 hours) and at least 48 hours
after administration of a new dose at regular inter-
vals. The time to steadv-state was also consistent
with the average plasma terminal half-life of approxi-
matelv 8-15 hours in these patients.'"'?

FK506 concentration in plasma was measured bv a
monoclonal antibodv based ELISA assay as previ-
ously described.'"'* The coefficient of variation of
this assay is 17% at 1.4 ng/mL: 14.4% at 2.9 ng/mL:
and 12% at 5.7 ng/mL. The effective therapeutic
range for FK506 is estimated to be 0.5-2.0 ng/mL in
transplant patients and is currently being defined in
patients with autoimmune disorders.

RESULTS

The performance of the IDS was assessed using stan-
dard prediction error analysis."> The mean predic-
tion error (mpe), computed from the average devia-
tion between the observed and predicted target
level. was used to describe accuracy or bias. The root
mean squared prediction error (rmspe), computed as
the standard deviation of the prediction error was
used to describe precision. If the IDS were a perfect
method. the mpe and the rmspe would be zero. The
95% confidence interval (Cl) was calculated as the
mean prediction error or the root mean squared pre-
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diction error plus or minus 1.96 times the SE. i.e.,
mpe +/— (1.96 X SE).
Demographic characteristics of the patients in the

TABLE |
Summary of Demographic Data

Protocol Age Sex Race Treatment Group
AIED 36 Male White High
ALS 57 Male White None
CAH-A 57 Female White High
CAH-A 33 Femaie White Low
CAH-A 28 Femaie White Low
CAH-A 32 Femaie Other None
CAH-A 34 Maie White High
CAH-A 37 Female White Low
Diabetes 41 Male White High
18D 31 Femaie White Low
1BD 48 Male White High
1BD 32 Femaie White None
18D 31 Male White High
18D 23 Female White High
MS 40 Femaie White Medium
MS 41 Male White Low
MS 56 Male White Medium
MS 52 Male White Medium
MS 46 Female White Medium
MS 37 Male White High
MS 57 Femaie White Low
MS 48 Femaie White Low
MS 28 Female White High
MS 39 Male White Medium
MS 41 Male White High
MS 33 Femaie White Medium
MS 51 Female White Low
MS 56 Female White Low
MS 42 Femaie White High
MS 37 Male White High
Nephrotic 5 Maie White Low
Nephrotic 47 Male White Low
Nephrotic 10 Male White High
Nephrotic 13 Male White Low
Nephrotic 14 Male White Low
PBC 48 Femaie White Low
PBC 65 Female White Low
PBC 49 Femaie White Low
P8C 51 Femaie White Low
PSC 32 Male White High
PSC 53 Femaie White Low
PSC 27 Male White High
PSC 39 Femaie White Low
PSC 41 Male White Low
Psoriasis 52 Femaie Black High
Psoriasis 39 Male White Low
Pyoderma 56 Maie White Low
Sclentis 24 Female White Low
Sprue 39 Female White Low
Vascuiitis 71 Male White None

AIED = autoimmune inner ear disease; ALS = amyotrophic lateral sclerosis;
CAH-A = autoimmune chromic active hepatitis; IBD = inflammatory bowel dis-
ease; MS = muitiple sclerosis; Nepnrotic = nephrotic syndrome; PBC = primary
bikary cirrhosis; PSC = primary scierosing cholangitis; Low = 0.1-0.3 ng/mL;
Medium = 0.4-0.7 ng/mL: High = 0.8-1.3 ng/mL; None = based on individual
patient response.

ARTIFICIAL INTELLIGENCE AND PHARMACOECONOMICS

TABLE 1|

Summary of Mean Prediction Error Analysis

Standard
Deviation of
Prediction 95% Confidence
Patient Group mpe Error Limits

All groups -0.013 0.149 0.029--0.055
Kidney transplant -0.034 0.190 0.020--0.008
Liver transplant 0.016 0.133 0.053--0.021
Autoimmune diseases -0.022 0.119 0.011--0.055

autoimmune study group are summarized in Tablel.
The performance of the IDS in each of the studyv
groups and in the three groups combined is summa-
rized in Table II. In addition. the accuracy and preci-
sion of the IDS in all study groups is shown in Figure
1. These graphs underscore the close correlation be-
tween the observed and predicted levels. Despite the
heterogeneity of the individual study groups and the
marked intersubject variabilitv in kinetics. there are
no significant outliers or individuals who are diffi-
cult to predict.

The accuracy (mpe) of the IDS ranged from 0.016
(liver) to 0.034 (kidney) ng/mL. The accuracy of the
combined study groups was 0.013 ng/mL. Because
the 95% confidence interval in all groups includes
zero. the IDS shows no bias in predicting FK506 lev-
els in transplant and autoimmune patients. The pre-
cision {rmspe) of the IDS ranged from 0.1188 (au-
toimmune) to 0.1903 (kidney). The rmspe in the
combined group was 0.1499 ng/mL.

To further put the performance of this IDS into
perspective, a scattergram that depicts the observed
relationship between a given dose and the corre-
sponding FK506 plasma level at steadv-state for the
combined study population is shown in Figure 2. The
FK506 dose-level response profile is variable and
does not appear to be simply linear over the dose
range of 0.5-60 mg/day. Because FK506 did not ex-
hibit dose proportionality with standard graphical
methods.'* we explored the linearity versus nonlin-
earity of FK506 by using a novel three-dimensional
graphical method recently described.'®

To help visualize and quantitate the apparent
dose-level relationship, we graphed three variables
{(current dose. new dose. and the associated percent
change in FK506 level). The relationship between
these parameters is shown in Figure 3. WVhile there is
relative linearity in the low dose range (>10 mg/
day), there is a rapid and disproportionate increase at
higher total daily doses indicative of nonlinear phar-
macokinetic behavior.

The disproportionate increase in the surface area
between a nonlinear plane and a linear plane can be
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Figure 1. Scattergrams of predicted versus observed FK306 levels are shown for each studv group in the combined group. These graphs show
the close correlation between the observed and predicted FK506 plasma levels in each studv group. The studv groups are as follows:
a. Kidnev. liver. and autoimmune disease patients: b. Kidnev transplant recipients: c. Liver transplant recipients: d. Patients with au-

totmmune diseases.
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Figure 2. Scattergram ot the observed relationship between FK506
dose over a wide range (0.3-60 mg/dav) and the corresponding
FK506 plasma level at steadv-state tn the combined studv popula-
tion. FThe marked intersupiect variability and the lack of a simple
linear reiationship (r* = 0034) between FK506 dose and achieved
steadv-state plasma level is evident.
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seen in Figure 4. [n this model. the degree ot nonlin-
earity is calculated as the nonlinear surface area di-
vided by the linear surface area. The surface area of
the nonlinear plane of fit was 1.88 times greater than
a linear plane over the normal dosing range (0-50
mg/day). This deviation from linearity especially at
doses above 10 mg/day helps to explain why FK506
doses should not be used alone to guide therapy
without measuring drug levels as well.

DISCUSSION

We have prospectively evaluated the accuracy the
precision of an (DS for FK506 in predicting doses to
achieve target drug levels in transplant (liver. kid-
ney) and autoimmune patients. This [DS uses a
knowiedge-based derived from steady-state trough
drug levels in transpiant patients to learn (predict)
the expected dose-level relationship for FK506. For
dose individualization, the knowledge base is then
updated with patient specific feedback. i.e.. current
dose and drug level and the new target level.
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Figure 3. A three-dimensional surtace plot of the relationship be-
tiveen current dose. new dose and the percent change in FK506
level is depicted. The surface area of the nonlinear plane observed
was calculated using Design CAD 3D, a sottvare package which
uses surface integrals to make the surtace area caiculation.

\We observed excellent predictive performance
across all three groups studied. The accuracy (mpe)
of the IDS was determined to be —0.013 ng/mLin the
combined study group. Since the 95% CI includes
zero. the IDS is without bias. The precision (rmspe)
was determined to be 0.1499 ng; mL in the combined
studv groups which represents less than 10% of the
span of the etfective therapeutic range (0.5-2.0 ng/
mL) and less than the coefficient ot variation of the
FK506 assay. Thus the [DS is both accurate and repro-
ducible in transplant and autoimmune patients. The
performance of the [DS in autoimmune patients. a
category of patients excluded from the originai

ARTIFICIAL INTELLIGENCE AND PHARMACOECONOMICS

knowledge base. i.e.. transplant patients. is strong ev-
idence of the broad applicability of artificial intelli-
gence to the field of adaptive control dosing meth-
ods'ls-ls

The performance of the FK506 IDS in autoimmune
patients compares favorably with previously re-
ported PK guided methods such as population based
nomograms and Bavesian prediction methods using
feedback control. Because feedback methods (non-
linear least-squares and Bavesian estimation) are
usuallv more precise than population nomograms.
our results were compared with feedback methods.
For example. the following performance resuits have
been reported for digoxin: RMSE = 0.35. 0.36 and
0.30 ng/mL: lidocaine: RMSE = 0.7, 0.55 and 0.9
mcg/mL: theophyliline: RMSE = 2.3. 1.2 mcg/mL.'®
In a prospective randomized concentration con-
trolled clinical trial of primarv FK506 prophvlaxis in
renal transplantation. wide intersubject variability

Figure 4. A three<dimensional plot of the modeled relationship be-
tween the three variables (current dose. new dose and percent
chanege in FK506 level) is shown. The disproportionate increase in
the surtace urcn between nonlinear piane and a linear piane with
increasing doses of FK506 can be readily seen.
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exists in PK parameters (e.g. clearance. bioavailabil-
ity), such that population or patient specific PK pa-
rameter values derived from pre-transplant or post-
transplant PK profiles are not reliable in accurately
predicting or achieving target steady-state drug lev-
els (Qais Mekki. personal communication). It seems
unlikely that these feedback methods can signifi-
cantly improve upon the performance achieved by
the IDS especially given the nonlinearity in FK506
kinetics.

This IDS has other important potential benefits be-
sides improved performance for achieving target lev-
els. Because this IDS requires no previous computer
experience and is user friendly, it should help mini-
mize the learning curve and facilitate standardiza-
tion of care. This is especially true for the physician
prescribing a drug like FK506 for the first time with
large PK variability and a narrow therapeutic index.
Similar to the introduction of an effective new immu-
nosuppressive drug such as CsA with concurrent
therapeutic drug monitoring in renal transplanta-
tion. the addition of FK506 to the therapeutic arma-
mentarium coupled with this IDS should also trans-
late into a significant cost-benefit advantage.'® Pre-
liminary studies at the University of Pittsburgh
suggest that the cost of liver transplantation under
FK506 compared with CsA may be reduced by half
or more due to shorter hospital stays (16.1 vs. 35.9
days).*®

The IDS also offers potential benefits to the new
drug development process. In the case of new drugs
for disorders such as AIDS. cancer. or acute refrac-
torv organ rejection. it mav not be feasible to do stan-
dard intense PK sampling early in drug development
to estimate the PK profile. dose proportionality and
bioavailabilityv. As we have shown. the IDS com-
bined with the 3D graphic method requires only sin-
gle steadv-state plasma samples for each dose level
analyzed. PK-PD analvsis using only trough levels
should be informative since steady-state FK506
trough levels closely correlate with the area under
the curve. Therefore it should be possible to extract
information from observational databases to esti-
mate the response surface of a new drug and assess
its linearityv or nonlinearity. This 3D graphic method
should also be capable of estimating the change that
occurs in the surface area of the plane when there is
a drug-drug interaction.

Finally. this IDS is user friendly and intuitive. It
has been routinely used by transplant physicians
without prior computer training or experience. To
run the program. the physician is simply asked to
make choices from menus to answer questions about
a patient’'s condition that are relevant to anv trans-
plant patient receiving immunosuppressive drugs.
For example. if a patient exhibits signs of drug toxic-
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ity (nephrotoxicity) and has no evidence of rejection.
then a reduction in FK506 dosage is indicated. How-
ever, the physician must choose the new target drug
level based on the current FK506 level and renal
function. The only kevboard input required is to
enter current FK506 doses and levels and the new
target level. The IDS predicts the recommended dose
based on the patient’s previous dose-level history.
The IDS can also be used to predict the next FK506
level given the current dose. current level and the
new FK506 dose. [n short, dosing recommendations
and adjustments are tailored to the individual pa-
tient.

In conclusion. the experience gained with this IDS
in several hundred transplant patients and more re-
cently in autoimmune patients indicate that an in-
telligent PC based. user friendly dosing svstem can
efficiently optimize FK506 therapy. It also provides a
practical and cost effective method for implementing
concentration controlled clinical trials. Further-
more. it is probable that patients can learn to use this
program as well and become more active partici-
pants in clinical decision making in a manner analo-
gous to patient-controlled analgesia. Through main-
tenance of safe and effective therapeutic drug levels
which can be tailored to the individual patient, this
IDS should result in even greater reductions in
health care costs by reducing the likelihood of drug-
limiting toxicity while improving the likelihood of
remaining free from rejection and therefore reduc-
ing the duration of hospitalization.*® Current studies
are underway to validate this and more precisely
measure its pharmacoeconomic impact.

The authors thank Ms. Sandi Mitchell and Lisa Conti tor expert
technical assistance.
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