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INTRODUCTION
ABSTRACT
Purpose: Combining heat with antineoplastic drugs has
produced evidence of antitumor synergism. An increasing
number of trials are investigating whole body hyperthermia
(WBH) in combination with chemotherapy in patients with
advanced malignancies. Here we investigated whether the
hyperdynamic state of the circulation as a consequence of
WBH may stimulate dissemination of malignant cells.
Experimental Design: WBH in combination with chemotherapy was administered by a radiant heat device to 20
consecutive patients with advanced epithelial malignancies.
One WBH session lasted for ⬃4 h (90 min heating time, 60
min plateau at 41.8°C, and 60 – 80 min cooling). Peripheral
blood was drawn before WBH treatment (baseline), at the
end of the plateau (1 h), and 24 h and 48 h thereafter. After
removal of leukocytes using anti-CD45 magnetic beads, circulating tumor cells were detected immunocytochemically
using the monoclonal antibody A45-B/B3, which binds to a
common epitope present on various cytokeratins.
Results: The method used to detect tumor cells in the
peripheral blood proved to be specific and very sensitive
(detection limit 1 tumor cell per 1.7 ⴛ 105 peripheral blood
mononuclear cell). Before WBH, 6 of 20 patients had cytokeratin-positive cells in their blood. A treatment-induced
increase in the number of circulating tumor cells became
statistically significant at 24 h after WBH (P ⴝ 0.043) and
was detected in a total of 9 patients, 5 of whom had no
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Preclinical and clinical studies have attributed a number of
beneficial effects to WBH3 including a potentiation of the
tumoricidal effects of specific cytotoxic agents and a stimulation
of different parameters of the immune system (1–7). During the
last decade there has been a revival of interest in the treatment
of cancer by WBH. A number of encouraging Phase I studies
helped to form a rationale for Phase II studies (8 –11), and an
increasing number of institutions are currently investigating the
efficacy of WBH in combination with chemotherapy in the
treatment of different malignancies using intense hyperthermia
as well as fever-like hyperthermia (12–16). This was made
possible by a new heating technology, termed radiant heat
WBH. By adding a humidification system to minimize evaporative heat loss, this system provides a safe and effective means
of gently heating the patient to the target temperature of 41.8°C
with no significant hyperthermia-related toxicity (17).
One of the major controversies in the hyperthermia immunobiology literature, based on a number of animal studies
mainly performed in the 70s and 80s has been the possibility of
promotion of tumor metastasis by hyperthermia. Results have
been controversial with some groups reporting on an increased
incidence of bone and pulmonary metastasis (18 –23), and others reporting on a reduced potential of inoculated tumor cells for
tumorous growth and the promotion of metastases (24). Interpretation of the data has been additionally impaired by the
diversity of heating modalities, target temperatures, and heating
times applied in these studies. None of the studies investigated
hematogenous spread of tumor cells but rather focused on
WBH-induced changes in immune reactivity. Because of these
preclinical data the utilization of WBH in humans resides in its
use as an adjunct to chemotherapy.
It has been demonstrated that surgical manipulation of
tumors entails the risk of intraoperative tumor cell dissemination
(25–27). The hyperdynamic state of the circulation at elevated
temperatures, the locally active hyperaemia, and interdependent

3

The abbreviations used are: WBH, whole body hyperthermia; MNC,
mononuclear cell; RT-PCR, reverse transcription-PCR; PR, partial response; mAb, monoclonal antibody; SD, stable disease; PD, progressive
disease; CK, cytokeratin.
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detectable malignant cells at baseline. There was no evidence
of a correlation between an increase in the number of circulating tumor cells and increased metastasis frequency.
Conclusions: Our findings suggest that WBH might
induce a temporary release of tumor cells into the circulation, but this spread appears to be clinically not significant
in patients with advanced malignancies.
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Table 1

Patient characteristics and status of circulating tumor cells
Detection of CK positive cells
over timeb

Patient no.

Diagnosis

a
b

Sex

Age
(years)

Best response to
WBH⫹CTa

Male
Male
Male
Male
Male
Female
Female
Male
Female
Male
Female

38
64
46
60
56
44
60
56
62
63
59

SD
SD
SD
PD
SD
SD
SD
MR
SD
SD
SD

18
30
26
8
46
16
31
16
28
13
18

weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks

Female
Male
Male
Male
Male
Male
Male
Male
Female

61
46
62
61
59
61
65
54
60

SD
PR
SD
PD
PD
PR
PD
PD
SD

18
10
42
9
8
30
7
8
22

weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks
weeks

Duration

After WBH
0h

24 h

48 h

1
5
0
0
1
5
8
1
0
0
0

0
3
0
2
0
0
0
4
1
0
0

5
5
1
8
5
3
10
0
35
3
0

ND
ND
ND
ND
ND
ND
0
0
0
0
3

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

ND
ND
ND
ND
0
0
0
0
0

CT, chemotherapy; ND, not done; MR, minor response.
Total number of tumor cells detected.

changes in tumor blood flow may have a comparable effect and
predispose to an increased release of tumor cells into the circulation (28, 29). Thus, we were interested to investigate tumor
cell spread in patients with different malignancies being treated
with WBH in combination with chemotherapy.
Recent developments in assay technology have improved
the detection of micrometastases in bone marrow or detection of
circulating tumor cells in the peripheral blood (30). On a molecular basis the amplification of tissue-specific mRNA transcripts by RT-PCR has been used in numerous studies to detect
smallest quantities of tumor cells. Specific targets included
carcinoembryonic antigen, prostate-specific antigen, MUC 1,
and p53 mutations, as well as CKs (30, 31). Nevertheless, a
number of problems have to be taken into account when interpreting RT-PCR results: (a) solid tumors may show genetic
heterogeneity, thus hampering the detection of tumor-specific
genomic changes at the level of a single cell; (b) the method is
difficult to quantify; and (c) it depends highly on sample preparation and assay conditions. In contrast the immunocytochemical detection of occult tumor cells bears the advantage of
identifying the actual circulating tumor cell. The sensitivity of
this method has been additionally improved by the selective
enrichment for tumor cells (32). The prognostic importance of
the immunocytochemical identification of occult tumor cells in
the bone marrow has been confirmed in various prospective
clinical trials (30, 33). Many studies have used CKs as markers
for epithelial cells, including carcinoma cells. These proteins are
stably and abundantly expressed in a majority of epithelial
tumors and, therefore, are suitable for an investigation of hem-

atogenous spread of different tumors (34). Thus, enrichment of
malignant cells using magnetic beads combined with subsequent
immunohistochemical staining was used to isolate epithelial
cells from the circulating blood of patients treated with WBH in
combination with chemotherapy.

PATIENTS AND METHODS
Patients and Healthy Volunteers. A total of 20 consecutive patients undergoing WBH was included in the study. The
patients were treated on different protocols approved by the
ethics committee of our institution. WBH was always applied in
combination with a platinum-based chemotherapy, and all of the
patients received the chemotherapy at 41.8°C, which had been
defined as the target temperature. Informed consent was obtained from all of the patients before study entry. Eligibility
criteria included a WHO performance status of 0 –2, a life
expectancy of ⬎3 months, and measurable advanced metastatic
disease. Patients with a severely compromised respiratory status, a history of angina pectoris, congestive heart failure, or
serious dysrhythmias were ineligible. The majority of patients
were male and suffered from colorectal carcinoma (n ⫽ 13).
Other diagnoses included cholangiocellular carcinoma (n ⫽ 2),
pleural mesothelioma (n ⫽ 2), ovarian carcinoma (n ⫽ 2), and
small-cell lung cancer (n ⫽ 1; Table 1). A volume of 20 ml of
heparinized blood was obtained before WBH treatment was
started, immediately after the 60 min plateau at 41.8°C (1 h),
and 24 h and 48 h after WBH. For control experiments, blood
was drawn from 10 patients with advanced malignancies receiv-
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Patients positive for circulating tumor cells
2
Colorectal carcinoma
3
Pleuramesothelioma
5
Pleuramesothelioma
6
Colorectal carcinoma
7
Colorectal carcinoma
9
Ovarian carcinoma
13
Cholangiocellular carcinoma
14
Colorectal carcinoma
16
Ovarian carcinoma
19
Colorectal carcinoma
20
Cholangiocellular carcinoma
Patients negative for circulating tumor cells
1
Colorectal carcinoma
4
Colorectal carcinoma
8
Colorectal carcinoma
10
Colorectal carcinoma
11
Colorectal carcinoma
12
Colorectal carcinoma
15
Colorectal carcinoma
17
Colorectal carcinoma
18
SCLC

Before
WBH
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Table 2

Characteristics of the control patients not treated with WBH
Detection of CK-positive cellsa

b

Diagnosis

Sex

Age

Portion 1

Portion 2

1
2
3
4
5
6
7
8
9
10

Gastric cancer
Gastric cancer
Gastric cancer
Esophageal cancer
Head and neck cancer
Gastric cancer
NSCLCb
NSCLC
Gastric cancer
Breast cancer

Male
Male
Male
Male
Male
Female
Male
Male
Male
Female

63
65
65
54
61
55
63
63
64
69

1
0
0
0
0
0
0
26
0
46

1
0
0
0
0
0
0
94 (cluster)
0
43

40 ml of peripheral blood was drawn from each patient and analyzed in parallel in two equal portions.
NSCLC, non-small cell lung cancer.

ing platinum-based chemotherapy alone (gastric cancer, n ⫽ 5;
non small-cell lung cancer, n ⫽ 2; esophageal carcinoma, n ⫽
1; breast cancer, n ⫽ 1; and head and neck cancer, n ⫽ 1;
Table 2).
For control experiments to test for the sensitivity and
specificity of the assay, 20 – 40 ml of heparinized blood was
drawn from 12 healthy volunteers.
WBH Treatment Procedure. The WBH treatment procedure at our institution and the radiant heat system for delivering WBH have been described previously in detail (15, 17,
35). In brief WBH was administered by a humidified radiant
heat device (RHS-7500; Enthermics Medical Systems, Inc.,
Menomonee Falls, WI) exposing the patient to a low-density
radiant heat while preventing evaporative heat loss. A hyperthermia treatment session was defined as raising the core temperature of the patient to 41.8°C. A typical WBH treatment
session lasted about 3.5– 4 h, including a mean of 100 min to
reach target temperature, 60 min at 41.8°C, and a 1-h cooling
period.
As soon as the target temperature was achieved, the patient
was removed from the radiant heat chamber, and wrapped into
a blanket and a plastic sheet that served as a vapor barrier to
prevent heat loss and maintain a stable plateau phase. Esophageal, rectal, skin, and ambient air temperatures were monitored
continuously using Mallinckrodt temperature probes (Mon-aTherm TM Skin and Mon-a-Therm Thermistor 400; Mallinckrodt Medical, St. Louis, MO) and Enthermics thermometry
software. All of the WBH treatments were performed under
general anesthesia.
Preparation and Immunostaining on Adhesion Slides.
MNCs from blood samples were isolated by density centrifugation through NycoPrep (Nycomed Pharma AS, Oslo, Norway).
Cells were collected from the interphase and washed twice in
PBS/1%BSA and resuspended in 3 ml of PBS/1% BSA. For the
immunomagnetic depletion of CD45-positive cells from the cell
suspensions Dynabeads M450 CD45 (Pan Leukocyte; Dynal,
Hamburg, Germany) was used. Members of the CD45 family of
proteins are expressed on all of the nucleated hematopoietic
cells but not on epithelial tumor cells. The depletion as well as
the successive detection of epithelial cancer cells with the EPIMET kit (Baxter, Unterschlei␤heim, Germany) was performed
according to the manufacturer’s instructions with slight modi-

fications. In brief, MNCs were incubated with anti-CD45conjugated Dynabeads M450 at a bead:cell ratio of 5:1. The
bead:cell-suspension was incubated under gentle rotation for 30
min at 2– 8°C. The solution was then diluted to 8 ml in PBS/1%
BSA, and the test tube was placed on the magnet to collect
CD45-positive cells and unbound Dynabeads. The supernatant
containing the enriched epithelial cells was collected, and the
procedure was repeated twice. The CD45-negative cell fraction
was centrifuged on cell adhesion slides. Routinely six slides
were analyzed for each patient and each time point.
The identification of epithelial tumor cells with the EPIMET kit is based on the reactivity of the murine mAb A45-B/
B3, directed against a common epitope on CK polypeptides,
including the CK heterodimers 8 –18 and 8 –19 (36). The
anti-CK mAb A45-B/B3 was validated in a recent clinical study
of ⬎500 breast cancer patients (33). The cells were permeabilized, fixed, and stained with the antibody according to the
manufacturer’s instructions using the alkaline phosphatase antialkaline phosphatase technique. The color reaction was developed by incubation with New Fuchsin/naphtol-AS-BI phosphate/levamisole, followed by incubation in hematoxylin for
nuclear counterstaining. Cells of the human breast and colon
cancer cell lines MCF-7 and HT-29, respectively, served as
positive controls. The specificity of the antibody reaction was
confirmed by the addition of an unrelated mouse control antibody at an appropriate dilution. The slides were examined by
light microscopy, evaluated separately by two of the authors
(M. O. and K. B.), and consensus was obtained. The total number of tumor cells counted in all of the slides generated the
tumor concentration for that sample. Thus, data are given as the
total number of tumor cells detected in 20 ml of the patient’s
blood.
Statistical Analysis. The Wilcoxon signed-rank test was
used to compare the detection of epithelial-cell events. A P ⬍
0.05 was considered to indicate a statistically significant difference.

RESULTS
Sensitivity and Specificity. The average sensitivity of
the assay was one tumor cell in 1.7 ⫻ 105 nuclear blood cells as
determined by seeding cells of the human breast cancer cell line
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DISCUSSION
Considering the small amount of circulating tumor cells
detected in our samples, specificity has to be a major concern for
techniques aiming on the detection of disseminated tumor cells.
The CK-specific antibody used in this study is not expressed in
normal peripheral blood cells. Many studies have shown that
CK antigens are rarely detected in hematopoietic cells (30). In
bone marrow samples the malignant nature of CK-positive cells
has been additionally confirmed through genomic analysis
(37–39).
Braun et al. (33) analyzed 191 patients with nonmalignant
conditions, using the same mAb that we applied in our study.
CK-positive cells were detected in only 1% of all of the bone
marrow specimens analyzed. This is in contrast to other antibodies such as epithelial membrane antigen or tumor-associated
glycoprotein 12, also expressed by plasmacytes and erythroid
precursors (33). We analyzed blood samples of 10 normal
healthy volunteers all of whom tested negative with the estab-

lished staining procedure. Thus, false-positive results can be
considered unlikely in the context of our study.
Initially, most of the work concerning the prognostic significance of micrometastatic disease has been performed in the
bone marrow (30). Several prospective clinical trials have confirmed the presence of occult tumor cells as an independent risk
factor in patients with mammary (33), colorectal (40 – 42), and
non-small-cell lung carcinoma (42). Surgical manipulation of
tumors always bears the risk of intraoperative tumor cell dissemination. An increasing number of studies has thus focused
on the detection of circulating tumor cells in peripheral blood
before surgery and at different points in time thereafter in
colorectal cancer, breast cancer, melanoma, and prostate cancer
(25, 26, 43– 46). Using CKs as marker antigens either combined
with a RT-PCR assay or immunomagnetic enrichment and immunocytochemistry, these studies were able to demonstrate that
surgery enhances the release of tumor cells into the circulation.
Furthermore, a risk of concomitant tumor cell recruitment on
mobilization of peripheral blood progenitor cells used for autografting has also been shown (47). In addition, the potential of
circulating tumor cells to form solid metastases in vivo has been
demonstrated recently (48, 49).
Data concerning the effect of WBH on metastasis frequency in animal models are inconsistent, and the fact that these
observations were mainly generated in animal models using fast
growing tumor models impairs the applicability to what may be
seen in humans (18 –23). None of the studies investigated hematogenous spread of tumor cells but rather focused on WBHinduced changes in immune reactivity (18, 21). Furthermore,
only one of these studies has combined WBH with chemotherapy (23). In that study, an increase in lung metastasis observed
in Lewis lung carcinoma bearing C57BL/6 mice subjected to
42°C WBH alone could be prevented by the combined use of
anticancer drugs and WBH.
Urano et al. (22) observed an increase in the frequency of
lung metastasis as a consequence of WBH (42.5°C) in mice only
in large, very weakly immunogenic murine tumors but not in
moderately immunogenic tumors. Local hyperthermia did not
increase the metastatic rate of both tumor types. Others found a
significant delay in primary tumor growth of Lewis lung carcinoma in mice exposed to 42°C WBH. Nevertheless, this was
accompanied by a more rapid dissemination of tumor cells
demonstrated by a significant increase in the average grade of
lung metastasis (23). WBH at 40°C neither inhibited nor potentiated tumor growth in that model. In VX2 tumor-bearing rabbits
exposed to 42°C WBH, a temporary restraint of tumor growth
was observed followed by a return to exponential increase in
tumor volume and rapid death (50), whereas these animals could
be cured with local hyperthermia (47–50°C/30 min). Finally,
Dickson and Ellis (20) reported that a stimulation of tumor cell
dissemination by raised temperatures (42°C) in rats with transplanted Yoshida tumors led to direct, lymphatic, and bloodborne spread of tumor cells. The significance of these findings
is nevertheless questionable, because only 16 of 167 animals
survived the heating procedure.
This is the first human study to investigate the effects of
WBH (41.8°C) on the frequency of tumor cells in the peripheral
blood. Our findings suggest that WBH in combination with
chemotherapy might result in a temporary hematogenous
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MCF-7 into 20 ml of peripheral blood of normal volunteers. To
investigate the possibility of false positive results, MNCs of 20
ml of peripheral blood of 10 normal volunteers were treated
using the same assay conditions. All of the slides proved to be
negative. Furthermore, to test the reliability of the assay 40 ml
of peripheral blood was obtained from 10 control patients suffering from different advanced malignancies. Samples were
divided into two portions of 20 ml, and analysis was performed
in parallel. In 7 patients both portions were without evidence of
circulating tumor cells. In the remaining 3 patients we found a
comparable number of tumor cells in both portions (pt no. 1: 1
tumor cell in each portion; pt no. 8: 26 and 94 tumor cells
including a cluster; and pt no. 10: 46 and 43 tumor cells;
Table 2).
Detection of Circulating Tumor Cells in Patients
Treated with WBH. Before WBH 6 of 20 (30%) patients had
evidence of CK-positive cells in their blood. At 1 h, 24 h, and
48 h after WBH treatment CK-positive cells were detected in 4
of 20 patients (20%, not significant), 9 of 20 patients (45%, P ⫽
0.043), and 1 of 10 patient (10%, not significant), respectively.
A treatment-induced increase in the number of circulating tumor
cells was detected in 9 patients, 5 of whom had no detectable
malignant cells at baseline. Four of 6 initially positive patients
had a slight increase in the number of circulating tumor cells at
24 h as compared with their baseline values, and 5 initially
negative patients became positive at least at one point in time
after WBH (Table 1). There was no evidence for a correlation
between an increase in the number of circulating tumor cells and
accelerated disease progression. Ten of 11 patients with CKpositive cells in at least one of the samples remained stable or
had a minor response for a median of 22 weeks (13– 46 weeks),
and 1 progressed at 8 weeks. In those patients negative for
CK-positive cells, tumor growth control was obtained in 5
patients (2 PR and 3 SD) for a median of 22 weeks (10 – 42
weeks), and 3 progressed at 7, 8, and 8 weeks, respectively.
Because all of the patients except those with cholangiocellular
carcinoma or pleural mesothelioma received WBH in combination with chemotherapy only as second or third line treatment,
these results are within the expected range.
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