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ABSTRACT

The purpose of this study was to investigate the pharmacokinetics and
tissue disposition of cisplatin (CDDP) in euthermic and hyperthermic
dogs to determine if hyperthermic alteration of tissue CDDP concentra
tion is uniform. Eighteen female beagle dogs received 20, 50, or 80
mg/m2 CDDP by constant infusion for 60 min under normothermic or
hyperthermic conditions (n = 3/subgroup). Blood, plasma, and ultrafil-
tered plasma samples were collected during the infusion. At termination
of infusion, animals were immediately sacrificed, all major tissues were
collected, and platinum levels were determined by atomic absorption
spectroscopy. Platinum concentrations in all blood fractions of hyper
thermic dogs tended to be lower than those of normothermic dogs. The
correlation between dose and blood area under the concentration-time
curve was linear at both temperatures. Each tissue concentration was
normalized for that individual dog's blood area under the curve. The ratio
of relative tissue extraction at 42Â°Cto that at 37Â°Cwere compared for

each tissue. Values of 1.0 were interpreted as indicating uniform relative
tissue extraction at each temperature. Values of >2.0 were obtained in
lung and ileum, while values of >1.5 were obtained in liver, adrenal,
stomach, colon, duodenum, spleen, and pancreas. Values of <1.0 were
obtained in skin and superficial lymph nodes. These results indicate that
hyperthermia significantly alters the pattern of CDDP tissue disposition
in a nonuniform manner and that pharmacokinetic data obtained at one
temperature, e.g., areas under the curve, cannot be used to directly predict
tissue concentrations at another temperature.

INTRODUCTION

The combination of WBH1 and platinum chemotherapy has

been investigated as a potential strategy for treating patients
with refractory or disseminated neoplasia. In vitro, the cytotox-
icity of CDDP is potentiated by increased temperature (1-3)
and the combination may overcome CDDP-induced drug re
sistance (4). However, studies in patients and rats have dem
onstrated that systemic toxicity of CDDP is also increased with
hyperthermia (5-7), necessitating CDDP dose reduction in
combined regimens. If relative tissue platinum concentrations
or exposure are unchanged under hyperthermic (42Â°C)versus
normothermic (37Â°C)conditions, such increased toxicity seen

when CDDP is combined with WBH may negate therapeutic
gain. Previously, our laboratory has demonstrated that whole
body hyperthermia alters the pharmacokinetic profile of CDDP
in dogs (8, 9), with the major change observed systemically
being an apparent increase in the drug's volume of distribution

and an increase in the rate of protein binding (aquation) in
vitro. Therefore, there is reason to suspect that tissue exposure
to CDDP under hyperthermic conditions may be altered non-
uniformly relative to normothermic conditions. Characteriza-
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tion of tissue exposure to CDDP in association with WBH
may, therefore, identify tissues in which therapeutic gain may
be theoretically possible.

In order to properly interpret the significance of pharmaco
kinetic data relative to antitumor activity at different sites
within the body at elevated temperatures, the relationship of
serum to tissue concentration must be defined for each anatomic
site at 37Â°Cand 42Â°C.Additionally, the relation between ad

ministered dose and observed serum concentration must be
studied to ascertain whether variations in systemic drug expo
sure as a function of dose are linear. With this knowledge, the
pharmacokinetic disposition of a drug can be used to predict
tissue distribution at doses other than those tested. It is gener
ally agreed that such studies should be conducted using i.v.
dosing and that the AUC of the blood (serum or plasma)
concentration-time profile is the best indicator of the total
systemic drug exposure in an individual animal. Specifically,
one must determine if temperature alters the relationship be
tween the administered dose and AUC and if the relative pattern
and extent of tissue distribution seen in normothermia is altered
when drug is administered in conjunction with WBH. A knowl
edge of the relationship between administered dose and AUC
and then between AUC and specific tissue concentrations at
both temperatures provides the data base necessary to correlate
drug dose or blood concentrations with efficacy and toxicity of
thermochemotherapy protocols on an individual tissue basis.

The purpose of this investigation in healthy non-tumor-
bearing dogs was to study the effects of whole body hyperther
mia on the tissue disposition of CDDP administered by i.v.
infusion at three dose levels, in order to (a) assess dose linearity
to blood, plasma, and plasma ultrafiltrate AUC and (b) to
determine if hyperthermia alters the relative pattern of CDDP
tissue distribution, compared to normothermic animals.

MATERIALS AND METHODS

Eighteen female beagle dogs (body weight, 8.79 Â±0.32 kg) were
randomly assigned to receive 20, 50, or 80 mg/m2 cisplatin (CDDP),

by constant infusion for 60 min, under normothermic or whole body
hyperthermic conditions (n = 3/subgroup). Animals were allowed at
least 7 days of adjustment prior to dosing. The general health of all
animals was determined to be normal during this time (complete blood
count, biochemistry panel, and urinalysis).

Normothermic dogs were maintained unanesthetized at 37Â°C(nor
mal temperature, between 37Â°Cand 38'C) during dosing in order to

model the disposition of CDDP as it is administered in a clinical
setting. Dogs were fitted with jugular and cephalic catheters and placed
Â¡nslings. CDDP (Platino!; Bristol Laboratories, Syracuse, NY) was
reconstituted in sterile water immediately prior to infusion. Each dose
was administered by infusion pump (Sage model 352; Orion Research,
Inc., Cambridge, MA) in a constant volume. Blood samples (5.0 ml)
were collected at 5, 10, 15, 20, 30, 40, 50, and 60 min after beginning
infusion. After removing 1 ml of whole blood for analysis, samples
were centrifuged (1500 x g, 15 min, 5Â°C),and 500 ^1 of plasma were

aliquoted into Centricon-10 and Centricon-30 filters. These were cen
trifuged (3500 rpm, 45 min, 5Â°C)and the resultant M, 10,000 or 30,000

cutoff ultrafiltrates were collected. All blood and plasma samples were
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stored at -5Â°Cuntil assayed for platinum.

At termination of infusion, animals were immediately sacrificed and
the following tissues or body fluids were collected: urine, bile, kidney
(divided into inner and outer cortex and medulla), liver, spleen, heart,
lung, skin (abdominal and back), muscle (thigh and back), esophagus,
stomach (cardiac and pyloric), duodenum, jejunum, Â¡lami,colon, rec
tum, bladder, ovaries, uterus, thyroid, adrenals, brain, bone marrow,
lymph node, and fat. All tissue samples were stored at -5'C until

assayed for platinum.
WBH was performed as previously described (8, 10). We defined a

hyperthcrmia treatment as including all therapeutic maneuvers utilized
in a clinical setting to administer WBH, that is, the specific heating
protocol, anesthesia, and i.v. fluid support. These data could then be
used as a basis for interpreting efficacy and safety data collected in
Phase I and II clinical animal trials. Briefly, dogs were premedicated
with valium and oxymorphone. Anesthesia was induced with thiopental
and alracurium and maintained with positive pressure ventilation,
continuous atracurium infusion, and i.v. bolus doses of thiopental and
oxymorphone. After induction of anesthesia, dogs were inserted into
the radiant heat device (Enthermics Corp., Menomenee Falls, WI). The
open ends of the device were covered with heat-reflective blankets to

reduce heat loss during the heating period. Temperatures were moni
tored at the following sites: rectal (10 cm beyond anal orifice), esoph-

ageal (midthoracic), skin surface, s.c., and muscle (2.5 cm deep). All
thermometers were calibrated in a constant-temperature water bath

against a known standard (Thermometrics, Inc., Model S10). The target
rectal temperature of 42 Â±0.1 Â°Cwas maintained for 75 min by

intermittently repositioning the reflective blankets (11). CDDP infusion
began 15 min after achieving and maintaining the target temperature.
At completion of infusion, the dogs were immediately euthanized.
Blood and tissue samples were collected as described above.

Concentrations of CDDP were estimated by determining platinum
levels in tissue and blood components in duplicate by atomic absorption
spectroscopy, using a method previously developed at our institution
(12). Briefly, samples of blood, plasma, or tissue digest (10 n\) were

analyzed using a model 4000 atomic absorption spectrophotometer
with HGA-400 graphite furnace (Perkin-Elmer. Norwalk. CT). Samples
were pipetted onto L'vov platforms, and stabilized temperature plat

form furnace methods were used. The platinum lamp (Perkin Elmer)
utilized had a wavelength of 265.9 nm with a slit bandwidth of 0.7 nm.

AUCs of platinum for each dog were calculated for blood, plasma,
and Centricon-10 and Centricon-30 plasma ultrafiltrates, using a com
puter-implemented trapezoidal method (13). The platinum tissue con
centrations collected at sacrifice were used to estimate the cumulative
tissue exposure for each tissue, since the irreversible binding of CDDP
to tissues allows this terminal sample to serve as a dosimeter which
integrates the tissues' recent drug exposure. The validity of using this
single tissue sample to reflect cumulative "fixed" tissue CDDP concen

trations was also previously demonstrated in isolated perfused skin
studies (14). Mean concentrations in tissues and blood fractions were
determined and compared using the general linear model procedure
(PROC GLM) and correlations between dose and AUCs were deter
mined using the correlation procedure (PROC CORR) of SAS (15).
All results, unless otherwise noted, are expressed as mean Â±SE.

In order to relate heat-induced shifts in CDDP disposition, the TDR
was calculated for individual animals using the following equation:

TDR = [tissue concentration/AUC]42
[tissue concentration/AUC]j7

This ratio compares the relative tissue to blood distribution in individual
animals at both temperatures. The ratio of tissue concentration/AUC
is a measurement of relative platinum tissue partitioning/extraction at
each temperature. A value of 1.0 would indicate the fractional extrac
tion/binding of platinum by that tissue is unaffected by hyperthermia.
Additionally, by using the AUC to estimate the individual animal's

achieved systemic drug concentrations, differences in tissue concentra
tions due to individual pharmacokinetic variability can be controlled.

RESULTS

Platinum concentrations in blood, plasma, and Centricon-
10, and Centricon-30 samples are depicted in Figs. 1 and 2.
These concentrations tended to reach steady state within 60
min in normothermic dogs, while concentrations continued to
increase throughout the infusion period in some WBH dogs.
Mean concentrations increased with dose at all time points in
both normothermic and WBH dogs. Likewise, AUCs increased
in a linear fashion with dose in both treatment groups. Analysis
of the relationship between CDDP dose and blood, plasma,
Centricon-10, and Centricon-30 AUCs revealed significant lin
ear dose-response relationships for AUCs. The greatest corre
lation was found between dose and whole blood AUC in nor
mothermic and hyperthermic dogs (r2 = 0.93 and 0.96, P <
0.0005, respectively) (Fig. 3). Centricon-10 and Centricon-30
AUCs were not significantly different.

Statistical analysis of uncorrected tissue platinum concentra
tions (Table 1) revealed significant differences (P < 0.05) be
tween hyperthermic and normothermic dogs for the following
treatment pairs (dose groups, mg/rrr); abdominal skin (50 and
80), back skin (50 and 80), esophagus (80), renal medulla (50
and 80), liver (80), lymph node (80), bone marrow (80), and
gastric pylorus (50 and 80).

Due to the linear relationship between dose and blood AUC,
tissue concentrations were individually corrected for all dogs,
using the blood AUC as an estimate of total tissue exposure,
and were combined for subsequent analysis. Within each tem
perature group, normalized tissue concentrations at all three
doses were not significantly different (P > 0.05), further sup
porting linear pharmacokinetics and justifying the AUC nor
malization procedure. Significant differences occurred when
AUC-normalized tissue concentrations were compared between
temperature groups. Relative tissue-drug partitioning/extrac
tion ratios for all tissues are given in Table 2. Relative drug
distribution was significantly greater in many gastrointestinal
tract tissues of hyperthermic dogs, including esophagus, duo
denum, ileum, colon, and pyloric stomach region (P < 0.05).
Relative drug exposure in liver and lung of hyperthermic dogs
was also significantly greater than that of normothermic dogs
(P < 0.05). Within the kidney, outer cortical TDR was signifi
cantly greater (P < 0.05) in hyperthermic dogs. As stated earlier,
TDR values greater than 1 indicate that such tissues "extracted"
a significantly greater fraction of delivered CDDP at 42Â°Cthan
at 37Â°C.Finally, the ratio of uncorrected lung versus kidney
platinum concentrations was significantly elevated at 42Â°Cver
sus 37Â°C(Fig. 4). The ratio of uncorrected lung versus bone
marrow concentration (42Â°C,2.3 Â±0.4; 37Â°C,0.9 Â±0.2) was

also significantly elevated (P = 0.0136), suggesting a therapeu-
tically favorable distribution of CDDP to lung versus kidney
tissue and bone marrow with whole body hyperthermia.

DISCUSSION

Our data clearly show that whole body hyperthermia results
in a nonuniform alteration of tissue distribution of infused
CDDP, as evidenced by significantly different tissue concentra
tions, relative tissue drug extraction ratios greater than 1 for
specific tissues, and reduced blood and serum concentrations of
platinum. Select tissues accumulate proportionately more drug
during hyperthermia relative to normothermia. At present, little
is known about hyperthermic alteration of CDDP delivery to
tumors. The present data were collected in normal dogs and,
thus, the results are not intended to suggest tumor tissue CDDP
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in dogsat 37Â°C.

drug exposure. Studies should be instituted to investigate tumor
tissue drug handling relative to AUC at similar temperatures.
These data from normal dogs should be useful to help interpret
target organ toxicity studies and serve as a basis for the study
of animals with cancer.

Animal and human studies conducted to date (5-7) have
uniformly demonstrated enhanced systemic toxicity with com
bined CDDP-hyperthermia protocols, requiring a dose reduc
tion to avoid this adverse effect. The lack of difference in total
renal platinum concentrations at 37Â°Cand 42Â°C(Table 1)

cannot offer a pharmacokinetic explanation for the dose reduc
tion values to avoid nephrotoxicity suggested by Wondergem
et al. (1) in the rat. A temperature-induced increase in CDDP

renal cytotoxicity is most likely responsible for the increased
nephrotoxicity observed. Species variability and procedural dif
ferences also influence the manifestation of drug toxicity. How
ever, at isonephrotoxic doses, enhanced distribution of CDDP
to tissues with TDRs greater than 1 may offer a therapeutic
advantage. The ratio of unadjusted platinum tissue concentra
tion in lung (highest TDR) to renal cortical (Fig. 4) and bone
marrow concentrations is significantly increased at 42Â°C.
Therefore, despite the CDDP dose reduction required at 42Â°C

to achieve an isonephrotoxic effect, certain tissues such as lung,
which have a relative increase in CDDP delivery when it is
administered with whole body hyperthermia, are sites where
further study of CDDP with WBH is warranted. The therapeu
tic implications of hyperthermui-induced nonuniform tissue
distribution deserves further study in tumor-bearing animals

and should be considered when comparing CDDP thermochem-
otherapy at different tissue sites.

Other workers have studied the pharmacokinetics of CDDP
in normothermic dogs and rats (16-19). When their data are

compared to those tabulated in Table 1, the kidney, liver, and
lung would appear to be the primary tissues of CDDP distri
bution at 37Â°Cin all studies. Concentrations in muscle and skin

were variable and could reflect differences in tissue distribution
resulting from the method of drug administration (bolus versus
infusion).

There is a great deal of controversy concerning what fraction
of CDDP in blood should be monitored in pharmacological
investigations, since CDDP undergoes a spontaneous aquation
reaction which results in a series of metabolites with differing
degrees of biological reactivity. The rate of aquation, which
forms protein-bound CDDP complexes, has been shown to be
increased with hyperthermia (8). A difficulty arises in determin
ing what is the non-protein-bound free fraction of drug in blood.

There is no consensus as to what size molecular exclusion filter
should be used to determine the free fraction. The present
studies demonstrated that 10,000 and 30,000 molecular weight
cutoff fractions were essentially identical at all concentrations
and at both temperatures.

The AUC of the concentration-time profiles for platinum in
blood, serum, and both free fractions were linearly correlated
with infused dose, indicating that linear pharmacokinetics are
appropriate to describe CDDP blood/plasma disposition during
this infusion phase. Note that this measurement of AUC was
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only calculated during infusion and is not equivalent to that which reduces pharmacokinetic variability (20, 21) and allows
determined in typical pharmacokinetic decay-type studies. This one to compare tissue partitioning of drug at both temperatures,
linearity also allowed the observed tissue concentrations to be The mechanisms responsible for hyperthermia-induced shifts
normalized to the AUC of the individual dogs, a procedure in tissue distribution are probably related to both heat-induced
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Table 1 Concenlration of platinum in various tissues

Platinum concentration (Â¿ig/g)

TissueSkinAbdominal

skinBack
skinAdrenalBladderBrainColonDuodenumEsophagusFatHeartIleumJejunumKidneyOuter

cortexInner
cortexMedullaLiverLungLymph

nodeMarrowMuscleOvary-PancreasStomachCardiacPyloricRectumSpleenThyroid20

mg/m2"0.79

+0.20*0.34
+0.110.89
Â±0.131.71
+0.620.08
Â±0.080.90
Â±0.050.72
Â±0.080.67

Â±0.110.10
Â±0.100.21
Â±0.120.76

+0.050.76
Â±0.122.19

+0.182.33
Â±0.193.14
Â±0.501.39
+0.171.24

Â±0.190.46
+0.160.54

Â±0.120.05
+0.051.36

Â±0.360.57
Â±0.110.85

Â±0.090.80
+0.150.98
Â±0.060.44
Â±0.180.56
Â±0.09Hyperthermia50

mg/m20.85

Â±0.28'1.08
Â±0.37'1.90

+0.173.52
+0.880.21

Â±0.212.31
Â±0.231.91

Â±0.242.02
Â±0.280.65
Â±0.190.78
Â±0.091.

74Â±0.281.75
Â±0.155.92

Â±0.436.49
Â±0.608.88
+0.18'3.60

Â±0.512.17
Â±0.391.47
Â±0.252.73

Â±1.420.47
+0.142.88
+0.391.85

Â±0.462.15

Â±0.461.89
+ O.IIe2.23

Â±0.241.27
Â±0.211.68

Â±0.1680

mg/m23.32

Â±0.26C1.67Â±0.22f3.05

+0.705.31
Â±1.58l.06Â±

1.063.07
+0.252.79
+0.072.55
+0.49'0.84
+0.360.98
+0.102.93
Â±0.292.65
Â±0.348.66

Â±0.709.75
+0.6013.15
Â±0.71'5.52
Â±0.27'2.88

Â±0.721.65
+0.34'0.54
Â±0.27'1.09
+0.353.98
+0.102.51
+0.532.84

Â±0.382.94
+0.12c3.09

Â±0.191.96
+0.211.30
Â±0.4320

mg/m21.04

+0.310.88
+0.180.70
Â±0.151.63

Â±0.760.15
Â±0.150.93

Â±0.250.69
+0.060.74
Â±0.120.31

Â±0.180.20
Â±0.200.44
Â±0.260.73
+0.122.30

Â±0.303.
16Â±0.727.04

Â±2.191.10
+0.170.61
Â±0.330.75
Â±0.311.13

Â±0.610.06
Â±0.061.46Â±

0.370.62
Â±0.080.65

+0.180.87
Â±0.050.77
Â±0.130.40
+0.030.65
+ 0.15Normothermia50

mg/m22.64

Â±0.322.41
Â±0.541.88

Â±0.246.80
Â±4.410.11
Â±0.111.80

+0.201.63
Â±0.071.77
Â±0.440.98

Â±0.240.87
+0.211.45
Â±0.212.07
+0.266.74

Â±0.048.70
Â±2.0417.16+

2.572.94
Â±0.171.76

Â±0.413.00
Â±1.051.91
Â±1.270.90
+0.244.29
+0.541.69

Â±0.011.92

Â±0.082.52
Â±0.393.11
Â±1.201.17

Â±0.112.11
Â±0.5680

mg/m24.77

+0.314.61
Â±0.732.61
Â±0.087.19
Â±2.13O.I4Â±0.142.85

Â±0.122.67
Â±0.313.74

Â±0.400.68
Â±0.281.44
+0.242.66
Â±0.153.1

5Â±0.508.93

Â±1.68ll.22Â±
1.352

1.07Â±4.724.41
Â±0.422.65
Â±0.635.82
Â±1.853.11

Â±0.830.93
Â±0.074.92+

1.152.19
Â±0.172.39

Â±0.133.60
Â±0.192.94
+0.291.67

Â±0.191.82
Â±0.11"Dose.

Dose.
* Mean Â±SE.
r Significant difference between 37Â°Cand 42Â°Cat same dose level, P < 0.05

Table 2 TDK comparing hyperthermia-induced changes in CDDP disposition 0.6 T

LungIleum'.LiverAdrenalStomach

(pyloric)ColonDuodenumSpleenPancreasOuter

renalcortexRectumJejunumHeartEsophagusOvaryThyroidStomach

(cardiac)Inner
renalcortexUterusMuscleFatBone

marrowlRenal
medullaiSkin

1Cervical
lymph nodei"M

SR-rnn l"Â«i"-n] WAUCTDRÃŒ.29

Â±0.38Â°'*!.04Â±0.17*.81

Â±0.10e.77
Â±0.26*.75
Â±0.18*.64
Â±0.16*.57

Â±0.13*.55

Â±0.22.51
Â±0.20*.48

Â±0.14*.44

Â±0. 15.39
Â±0.17.36
Â±0.31.31
Â±0.11*.25

Â±0.24.21
Â±0.17.19

+0.08.18
Â±0.10.15
Â±0.10.13
Â±0.30.00

Â±0.32).96
Â±0.32).79
Â±0.08).79Â±O.I3*).64Â±0.ll*

oiC

Â«*z1Â«-_Jn

n.p

-0.037 p -0.012 p-0.004iiXX.Ig1

CD 37CJLI\X

X
XX,m

42cTAIIÃ¨8

[Platinum] ,,.C/AUC
* Ratio significantly different from 1.0 at P < 0.05.
' Ratio significantly different from 1.0 at P< 0.01.

increases in platinum reactivity and alterations in tissue blood
flow. The observed shift in CDDP disposition from blood to
tissues is consistent with the serum pharmacokinetic study
previously reported (8), which postulated that hyperthermia
increased the volume of distribution and clearance due to en
hanced tissue extraction. The increased number of exponential
terms in the pharmacokinetic equation describing the serum

OUTER INNER MEDULLA
CORTEX CORTEX

Fig. 4. Ratio of uncorrected lung versus kidney platinum concentrations at
42'C and 37'C.

concentration-time profile of CDDP at 42Â°Crelative to 37*C,

seen in this previous study, is also explained by the nonuniform
tissue distribution reported here. The preferential partitioning
of CDDP to the lung is probably related to its relatively high
blood flow and to its circulatory location, which exposes it to
high concentrations of reactive CDDP following i.v. injection
before other tissues in the body.

This study demonstrates that whole body hyperthermia sig
nificantly alters the tissue partitioning of CDDP in a nomini
form fashion. Dose is linearly correlated with AUC from 20 to
80 mg/m2 at both temperatures. The nonuniformity in hyper-

thermic alteration of drug distribution warrants that care be
taken when relating the biological response of normothermic
and hyperthermic animals to dose, achieved serum concentra
tions, or AUCs of CDDP. Pharmacokinetic data obtained at
one temperature cannot be used to predict tissue concentrations
at another temperature without utilizing an appropriate correc
tion factor obtained in a tissue disposition study conducted at
the target temperature. These data suggest that further inves-
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tigation is needed in the following areas: (a) evaluation of
systemic hyperthermia/cisplatin for treatment of cancer in tis
sues with different relative partitioning values (e.g., lung and
liver versus skin and lymph nodes), (b) determination of tumor
platinum extraction at different anatomic sites to assess
whether the nonuniform distribution observed with normal
dogs is also seen in tumor-bearing animals, and (c) determina
tion of dose extraction values for other chemotherapeutic agents
sensitized by temperatures approximating 42Â°C.
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