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Abstract

Ž .The electrochemical treatment EChT of tumours implies that tumour tissue is treated with a continuous direct current through two or
more electrodes placed in or near the tumour. The treatment offers considerable promise of a safe, simple and relatively noninvasive
anti-tumour therapy for treatment of localised malignant as well as benign tumours. Although more than 10 000 patients have been treated
in China during the past 10 years, EChT has not yet been universally accepted. The reason for this is the lack of essential preclinical
studies and controlled clinical trials. Uncertainties regarding the destruction mechanism of EChT also hinder the development of an
optimised and reliable dose-planning methodology. This article reviews the collected Chinese and occidental experiences of the
electrochemical treatment of tumours, alone and in combination with other therapies. The current knowledge of the destruction
mechanism underlying EChT is presented along with different approaches towards a dose planning methodology. In addition, we discuss
our view of different important parameters that have to be accounted for, if clinical trials are to be initiated outside of China. q 2000
Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .The electrochemical treatment EChT of tumours im-
plies that tumour tissue is treated with a continuous direct
current through two or more electrodes placed inside the
tumour or in its close vicinity. Reports on the anti-tumour
effect of low-level direct current date back to the end of

w xthe 19th century 1 . However, the interest of its underly-
ing mechanism and possible therapeutic use waned until
1959, when Humphrey and Seal reported encouraging

w xresults with sarcoma tumours in mice 2 . Following this, a
number of workers applied EChT in both animal tumour
models and small-scale clinical studies. A short review on
the application of direct current in the treatment of tu-

w xmours was presented in 1991 3 . Since then, many inter-
esting studies have been published, including a vast amount
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of clinical data from China. It is now appropriate to once
again review the subject.

This article intends to give an overview of the experi-
ences of the last three decades of electrochemical treat-
ment of tumours and combination therapies. The present
knowledge of the destruction mechanism underlying EChT
is reviewed, along with different approaches towards a
reliable dose planning. Finally, we discuss our view of
different important parameters that have to be accounted
for, if clinical trials are to be initiated also outside of
China.

2. Experiences from the electrochemical treatment of
tumours

2.1. Pioneering clinical studies by Nordenstrom¨

Bjorn Nordenstrom, a Swedish professor in radiology,¨ ¨
is considered to be a pioneer in the treatment of tumours
with direct electric current and combination therapies in
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patients. In the late 1970s, Nordenstrom started to treat¨
primary lung cancers by applying current between two
platinum wire electrodes. The anode was placed centrally
in the tumour and the cathode approximately twice the
tumour diameter away from the anode. The applied voltage
was about 10 V. The patients were treated under local
anaesthesia, and they were seldom uncomfortable during
the treatment. A preliminary trial on five patients was

w x w xpublished in 1978 4 , and in his book 5 , written in 1983,
Nordenstrom reported the results from the treatment of 26¨
lung tumours in 20 patients. Many of these patients were,
for various reasons, unsuitable for surgical, radiotherapeu-
tic, or chemotherapeutic treatment. The average delivered

Ž .coulomb dosage current multiplied by time was 80 Crcm
of tumour diameter. Regression was obtained in 12 out of
26 tumours and no signs of regrowth were detected after a
2–5-year follow-up period. There was no reported lethal
outcome of the therapy, although tumours with a diameter
larger than 3 cm did not respond well to the treatment.
Among the side effects, Nordenstrom noticed slight fever¨
and local pain during the treatment.

Nordenstrom thoroughly discussed possible destruction¨
mechanisms behind EChT, such as extreme pH changes,
electro-osmotic transport of water and the effect of current

w xon transmembranous ionic transport 5,6 . He also pointed
out that most tumours possess an excess of fixed elec-
tronegative charges on their surfaces and therefore only the
anode should be placed inside the tumour so as to prevent
the spreading of micrometastases during treatment. How-

w xever, in a later work 7 , Nordenstrom obtained positive¨
results when he placed the cathode in the tumour.

w x w xNordenstrom et al. 8 and Ekborg et al. 9 , investigated¨
the effects of a combined, simultaneous therapy of EChT
and the chemotherapeutic agent, adriamycin . The purpose
was to influence the distribution of the electropositively
charged adriamycin by means of the electric field. When
infused into the tumour via an anodic electrode, the elec-
tropositively charged adriamycin could, by electrophoresis,
be dispersed uniformly into the surrounding tissue. Alter-
natively, adriamycin could be concentrated within the tu-
mour region when applied intravenously and when the
cathode was placed in the tumour. Using these techniques,
the authors hoped to minimise the systemic side effects of
chemotherapy. Beneficial effects were obtained in a pre-
liminary study of 14 patients with large lung cancers,

w xwhich were incurable by conventional methods 8 .
One of the latest articles by Nordenstrom and his¨

colleagues reports positive results from the electrochemical
w xtreatment of a patient with breast cancer 10 . Mammogra-

phy, repeated at 6 monthly intervals in the 2 years after
treatment, could not discern any trace of tumour remnants.
The authors also proposed a combination therapy between
an extensive electrochemical pretreatment and a restricted
surgical operation. Ideally, the electrochemical treatment
would kill undetected tumour foci and hence, post-oper-
ative recurrence would be avoided.

2.2. Clinical trials in China

An EChT project, based on the experiences of Norden-
strom and supported by the Chinese government, was¨
initiated in China in 1987. Experimental and clinical data
were rapidly gathered for 2 years, and in 1989, the electro-
chemical treatment of tumours was approved by a commit-
tee of experts, organised by the Ministry of Public Health

w xin China, to be used throughout the entire country 11,12 .
Professor Xin Yu-Ling and co-workers at The China–Japan
Friendship Hospital in Beijing were assigned to organise
postgraduate courses, and up to 1998, more than 2000
physicians have been trained in EChT.

The clinical experience of EChT in China was interna-
tionally presented at The First Conference of the Interna-
tional Association for Biologically Closed Electric Circuits
in Medicine and Biology, held in 1993 in Stockholm,
Sweden. A large amount of clinical material, covering
more than 2000 cases of various tumour types, both benign
as well as malignant, and treated during the period be-
tween 1987 and 1992, was discussed at this conference and

w xsubsequently published 13 . During this period, Xin and
his collaborators modified Nordenstrom’s electrode place-¨
ment methodology. Instead of placing an anode in the
tumour and a cathode far away from the tumour, they
inserted a number of anodes into the centre of the tumour
and the same number of cathodes just outside the tumour
periphery.

The number of publications found in international jour-
nals, concerning the clinical results from China, are cur-

w xrently quite limited. However, a recent report 14 suggests
that EChT provides a safe, simple, and effective comple-
mentary treatment for patients with lung neoplasms, who
are neither suitable for surgery nor responsive to chemo-
or radiotherapy. Of the 386 patients treated for lung can-

Ž .cer, the short-term 6 months effectiveness was approxi-
Ž .mately 70% complete and partial response while the

survival rates were approximately 85, 60 and 30% after 1,
3 and 5 years, respectively. Furthermore, tumours larger
than 8 cm in diameter had poorer prognoses than those
with a diameter measuring 4–8 cm. In this study, Xin et al.
had again modified their electrode placement technique
and both anodes and cathodes were now placed inside the
tumours, with anodes in the centre and cathodes in the
periphery. This modification did not only protect the nor-
mal tissue from destruction, but was also shown to en-
hance the therapeutic effect. It was stated that the tumour
tissue-killing diameter around each electrode was about 3
cm, and thus, the distance between electrodes should not
exceed 3 cm. Typical treatment parameters were 6–8 V,
40–80 mA and a coulomb dosage of 100 Crcm of tumour
diameter.

A second international symposium in 1998 on the elec-
trochemical treatment of cancer was held in Beijing, China,
and it was reported that the treatment had been established
in 1260 hospitals throughout China. Furthermore, more
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Table 1
Ž .Short-term 6 months efficacy of EChT. Objective remissions in 3802 cases of superficial malignant tumours treated with EChT in China, 1987–1997

w x12 . Responses were determined by direct measurement. CRscomplete response, PRspartial response, NCsno change, PDsprogressive disease

All n CR PR NC PD CRqPR

n % n % n % n % n %

Skin cancer 958 611 64 347 36 0 0 0 0 958 100
Malignant melanoma 227 79 35 27 12 27 12 94 41 106 47
Jaw and facial tumours 361 135 37 145 40 57 16 24 7 280 78

Ž .Oral tongue or lip cancer 138 46 33 75 54 11 8 6 4 121 88
Rhabdomyosarcoma 133 27 20 49 37 38 29 19 14 76 57
Chest–abdominal wall metastases 172 44 26 81 47 29 17 18 10 125 73

Ž .Vulva penis or vagina cancer 237 91 38 111 47 21 9 14 6 202 85
Breast cancer 644 180 28 296 46 64 10 104 16 476 74
Thyroid carcinoma 250 89 36 110 44 36 14 15 6 199 80
Parotid carcinoma 84 28 33 46 55 6 7 4 5 74 88
Other superficial tumours 598 154 26 280 47 99 17 65 11 434 73
Total 3802 1484 39 1567 41 388 10 363 10 3051 80

than 10 000 patients, with various kind of tumours, have
been treated during the previous 10 years, indicating a

w xtremendous clinical experience of the method 12 . For
patients with neoplasms, who were neither suitable for
curative surgery nor responsive to chemo- or radiotherapy,
EChT was considered as an effective complementary treat-
ment. In the cases of lung, liver, and esophageal cancer,
the presented results indicated substantially lower mortal-
ity rates compared to the available statistics in occidental

w xcountries 15 . The 5-year survival rate for lung cancer
treated with EChT was 39%, while the western figure is
14%. The corresponding values for cancer in the liver are
15% and 5%. Moreover, patients with noncurative
esophageal cancer, treated with EChT, demonstrated a
5-year survival rate of 13%, which is similar to corre-
sponding data reflecting the survival rate in all patients
suffering from this neoplasm in western countries. How-
ever, randomised and controlled clinical trials are yet to be
performed in China, and the characterisation and follow-up
rate of patients, as well as the classification of the tumours,

w xare only presented sparingly in the available reports 12 .

Table 2
Ž .Short-term 6 months efficacy of EChT

Objective remissions in 3840 cases of visceral malignant tumours treated
w xwith EChT in China, 1987–1997 12 . Responses were determined by

X-ray, ultrasonography, or computertomography. CRscomplete re-
sponse, PRspartial response, NCsno change, PDsprogressive dis-
ease

All n CR PR NC PD CRqPR

n % n % n % n % n %

Esophageal cancer 1595 348 22 766 48 319 20 162 10 1114 70
Lung cancer 1113 412 37 445 40 155 14 101 9 857 77
Liver cancer 961 240 25 427 44 210 22 84 9 667 69
Laryngeal cancer 21 9 43 9 43 2 10 1 5 18 86
Prostate cancer 20 8 40 7 35 3 15 2 10 15 75
Other visceral tumours 130 39 30 51 39 20 15 20 15 90 69
Total 3840 1056 28 1705 44 709 19 370 10 2761 72

These circumstances must be taken into consideration when
comparing the efficacy of EChT to that of conventional
anti-tumour therapies in occidental countries.

According to the data collected from 156 of the hospi-
tals, 8240 patients, up until 1997, were treated with EChT,
where 7642 of them suffered from malignant tumours and
the remaining 598 had benign tumours. About half of the

Ž .cancer patients 3802 had superficial malignant tumours
Ž . Ž .Table 1 , while the remaining 3840 suffered from vis-

Ž . Žceral neoplasms Table 2 . The short-term efficacy com-
.plete and partial response determined by direct measure-

ment was 47–100% for the superficial neoplasms. Skin
cancer, oral cancer, and parotid carcinoma demonstrated
the highest response rates, while malignant melanoma
responded markedly less. The effectiveness for treatment
of visceral cancer, measured by X-ray, ultrasonography or
computertomography, was approximately 70%, where la-
ryngeal carcinoma tended to respond better to EChT than
other visceral tumours. The corresponding values for pa-

Ž .tients suffering benign tumours was 76–99% Table 3 ,
and data showed that patients with haemangioma and
thyroid tumours were cured to a great extent from their
diseases. The results indicate that the short-term therapeu-
tic effectiveness are more favourable for benign tumours
and superficial cancers, such as those originating from

Table 3
Ž .Short-term 6 months efficacy of EChT. Objective remissions in 598

w xcases of benign tumours treated with EChT in China, 1987–1997 12 .
Responses were determined by direct measurements, ultrasonography, or
computertomography. CRscomplete response, PRspartial response,
NCsno change, PDsprogressive disease

All n CR PR NC PD CRqPR

n % n % n % n % n %

Hemangioma 296 202 68 90 30 4 1 0 0 292 99
Thyroid tumours 192 127 66 60 31 5 3 0 0 187 97
Prostate hypertrophy 110 51 46 33 30 23 21 3 3 84 76
Total 598 380 64 183 31 32 5 3 1 563 94
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Table 4
w xLong-term efficiency of EChT determined as the 1–5-years survival rate in 3802 cases of superficial malignant tumours treated in China, 1987–1997 12

All n 1-Year 2-Year 3-Year 4-Year 5-Year

n % n % n % n % n %

Skin cancer 958 958 100 958 100 890 93 890 93 767 80
Malignant melanoma 227 194 85 157 69 91 40 19 8 0 0
Jaw and facial tumours 361 336 93 295 82 258 71 184 51 139 39

Ž .Oral tongue or lip cancer 138 129 93 124 90 111 80 99 72 85 62
Rhabdomyosarcoma 133 121 91 88 66 51 38 9 7 0 0
Chest–abdominal wall metastases 172 140 81 130 76 115 67 102 59 74 43

Ž .Vulva penis or vagina cancer 237 223 94 209 88 188 79 188 79 104 44
Breast cancer 644 618 96 568 88 404 63 404 63 323 50
Thyroid carcinoma 250 242 97 232 93 192 77 191 77 133 53
Parotid carcinoma 84 78 93 76 90 67 80 59 70 45 54
Other superficial tumours 598 501 84 428 72 338 57 327 55 245 41
Total 3802 3540 93 3265 86 2705 71 2472 65 1915 50

skin, oral cavity, thyroid and parotid gland. Electrochemi-
cal therapy was, in general, less effective on visceral
neoplasms compared to superficial cancers, with the excep-
tion of melanoma and fibrosarcoma. The effectiveness of
EChT on both malignant and benign tumours decreased
with increasing tumour size, but this relationship was less
pronounced in benign tumours.

The long-term survival rate of superficial and visceral
malignant tumours, as well as benign tumours, is shown in
Tables 4–6. Among patients with superficial neoplasms
and benign tumours, the survival figures are virtually in
agreement with the short-term results. The 5-year survival
rate of superficial malignant tumours varied from 0% to

Ž .80% Table 4 , and malignant melanoma and rhab-
domyosarcoma had dismal prognoses. Moreover, 60–80%
of patients suffering from skin cancer and oral cancer
survived for more than 5 years. The survival rate after 5
years of visceral malignant tumours varied from 13% to

Ž .67% Table 5 . The patient prognosis was worst for
Ž .esophageal and liver cancer sufferers approximately 15% ,

but the figures were less dismal for lung cancer patients
Ž .39% and markedly better for patients suffering from

Ž .laryngeal cancer 67% . The long-term results for patients

Table 5
Long-term efficiency of EChT determined as the 1–5-years survival rate
in 3840 cases of visceral malignant tumours treated in China, 1987–1997
w x12

All n 1-Year 2-Year 3-Year 4-Year 5-Year

n % n % n % n % n %

Esophageal cancer 1595 1285 81 969 61 483 30 233 15 205 13
Lung cancer 1113 1063 96 933 84 746 67 600 54 432 39
Liver cancer 961 771 80 577 60 209 22 184 19 145 15
Laryngeal cancer 21 21 100 21 100 19 90 17 81 14 67
Prostate cancer 20 20 100 19 95 18 90 16 80 10 50
Other visceral tumours 130 124 95 99 76 99 76 71 55 31 24
Total 3840 3284 86 2618 68 1574 41 1121 29 837 22

suffering from benign tumours are presented in Table 6,
and as expected, the 5-year survival rate was high, in

Ž .accordance with the short-term results Table 3 .
The electrode placement technique had once again been

w xmodified by Xin 12 . Anodes and cathodes were placed
alternately, 2 cm apart, throughout the tumour volume.
Typical electrical treatment parameters were 6–8 V and
50–80 mA. Different coulomb dosages were given depend-
ing on the type of tumour. For example, solid malignant
tumours were given a dosage of 80–100 Crcm of tumour
diameter, while benign hemangioma, which is rich in
electrolytes, was treated with 30–40 Crcm of tumour
diameter.

In addition to the results shown by the figures, a
number of tumour diagnoses and macro- and microscopic
photographic documentation of a great number of cases,
before and after treatment, clearly demonstrated that de-
struction or reduction of malignant as well as benign
tumours was achievable in patients. It was concluded from
the conference, that patients with malignant tumours of
less than 8 to 10 cm diameter who were unsuitable for
surgery or were nonresponsive to radiorchemotherapy,
and along with those with benign tumours, may benefit
from EChT. However, it was clearly pointed out that
EChT was a local therapy, and that it should be combined

Table 6
Long-term efficiency of EChT determined as the 1–5-years survival rate

w xin 598 cases of benign tumours treated in China, 1987–1997 12

All n 1-Year 2-Year 3-Year 4-Year 5-Year

n % n % n % n % n %

Haemangioma 296 296 100 296 100 296 100 296 100 296 100
Thyroid tumours 192 192 100 192 100 192 100 190 99 190 99
Prostate 110 110 100 108 98 91 83 88 80 78 71
hypertrophy
Total 598 598 100 596 100 579 97 574 96 564 94
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with surgery, radio-, chemo- andror immunotherapy. Fur-
thermore, EChT was contraindicated in late stage cancer
patients.

2.3. Occidental studies in animals and patients

Several research groups in Europe, North America and
Japan have applied EChT in many different in vivo tumour
models and in a few clinical case studies, in parallel with
Nordenstrom’s work and the clinical activities in China.¨
Several different approaches for the application of current
have been employed, including different electrode shapes,
materials and configurations as well as different current
intensities and treatment times.

w xSchauble et al. 16 evaluated the effect of three differ-
Žent current levels 3, 0.5 and 0.001 mA, 1 hrday for 4

.consecutive days on the growth of melanoma tumours in
hamsters. A stainless steel point electrode was placed in
the tumour, as either anode or cathode, and a planar wire
mesh electrode was applied to the skin of the chest.
Tumour growth was inhibited and metastases were re-
duced. The effects were most pronounced with the anodic
treatment by which the two higher currents produced
necrosis.

w xHabal 17 treated hepatoma tumours in rats with a
Ž .small direct current 0.4–0.6 mA, 10–24 days via an

w ximplanted power source 18 . A point-shaped platinum
anode was placed in the centre of the tumour and a plate
stainless steel cathode was placed on the surface of the
power unit, which was in turn attached to normal tissue.
The power sources were implanted after different times
following the tumour implant, and it was found that tu-
mour growth retardation only occurred when the treat-
ments were started at an early stage. Moreover, tumour
growth was enhanced when the treatment was started at an
early stage and was then discontinued.

Samuelsson et al. tested EChT as a possible method for
the destruction of tumours, especially lung metastases. One

w xstudy 19 compared the results from the electrolytic treat-
ment of colon adenocarcinoma tumours in rats with those
obtained by surgery and came to the conclusion that the
efficiency of the treatments were approximately equal.

Ž .Current 10–40 mA, 1 h, one to three treatments was
applied by two torpedo-shaped platinum electrodes, with
an anode placed in the centre of the tumour and a cathode
positioned at the tumour surface. In one of the trials, more
than 50% of the animals treated with either EChT or
surgery were devoid of tumours when killed 7 months
after inoculation. The EChT treatment did not seem to
affect the number of metastases.

A subsequent article by the same research team reported
Ža 60–80% tumour mass reduction from treatments 80 mA,

. w x2–4 h of five lung tumours in four patients 20 . In these
treatments, the current was applied by two or three plat-
inum electrodes, all placed in the tumour. Samuelsson et
al. also studied the effect of EChT with subsequent radio-

therapy, both in experimental colon carcinoma tumours in
w x w xrats 21 and in a lung tumour patient 22 . In the former

Ž .study, current 25 mA, 20 min was supplied through two
wire electrodes, either copper or platinum, placed about 10
mm apart in the centre of the tumour. The combined
treatment resulted in tumour growth inhibition and in 75%
of the cases the tumours disappeared. In the group that
received only radiotherapy, 75% of the tumours remained.
The authors hypothesised that the inflammatory reaction
around the electrolytic lesion leads to increased blood flow
and higher oxygenation of the tumour, and thereby made
the tumour more radiosensitive.

w xDavid et al. 23 treated hamster melanoma tumours
Ž .with different currents 0.1–2.4 mA for 1 hrday in 5

consecutive days. A needle electrode made of either stain-
less steel or platinum–iridium alloy was placed in the
tumour and served as either the anode or cathode. The
counter electrode, made of aluminum foil, was applied to
the skin of either the abdomen or left side of the hamster.
Tumour growth reduction was obtained in all treatment
groups, irrespective of electrode material or polarity.

w xMarino et al. 24 investigated the effect of direct
Ž .current 2 mA, 60 min, one to three treatments on the

growth of implanted lung carcinoma in mice. Two plat-
inum wire electrodes were placed parallel to one another

w xinto the tumour. Morris et al. 25 made a similar study,
Žbut used larger tumours and current 20 mA, 15 min, one

.to three treatments . These two studies showed that the
EChT treatment was able to lessen tumour burden. More-
over, the treatment did not increase the presence of metas-
tasis or the growth rate in the unaffected fraction of the
tumour.

w xHeiberg et al. 26 applied different constant voltages
Ž . Ž 32.5–12.5 V and coulomb dosages 30–50 Crcm tu-

.mour on colon adenocarcinoma in mice, by means of two
gold needles placed parallel to each other within the
tumour. All the treated tumours showed significant volume
reduction.

w xMiklavcic et al. 27–29,31 and Sersa and Miklavcicˇ ˇ ˇ ˇ ˇ
w x30 , in a series of papers, studied the effect of direct

Ž .current 0.2–1.8 mA on fibrosarcoma and melanoma tu-
Žmours in mice. Their studies involved both single 30–90

.min and repetitive treatments, as well as different elec-
Žtrode configurations and materials Pt, Pt–Ir, Au, Ag, Ti,

.and stainless steel . Some of the experiments were run
with one electrode placed in the tumour and a second
placed subcutaneously in healthy tissue. Another electrode
configuration, the so-called ‘‘field configuration’’, in-
volved two electrodes placed in healthy tissue on opposite
sides of the tumour. Tumour growth retardation was ob-
tained in all experiments, irrespective of electrode material
and configuration. The anti-tumour effect depended pro-
portionally on the current level, and cathodic treatments

w xexhibited a better effect than anodic treatments 28,30 .
The best effect was achieved in a study on melanoma

Žtumours using a multiple-array electrode three Pt–Ir cath-
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odes placed in the tumour and two anodes placed subcuta-
. w xneously in healthy tissue 28 . Here, tumours showed

regression with a cure rate of 40% after 4 months.
The same research team has also published papers

describing EChT in combination with other anti-tumour
w xtherapies. Sersa et al. 32 studied the effect of EChTˇ

followed by systemic bleomycin treatment on fibrosar-
coma tumours in mice. Current was passed between two
platinum–iridium needle electrodes placed outside of the
tumour. The combined treatment was found to be more
effective than either treatment acting alone. Other works
concern the effects of EChT in combination with different

Žimmunomodulators, such as tumour necrosis factor TNF-
. w x Ž . w xa 33 , interferon-a IFN-a 34,35 and interleukin-2

Ž . w xIL-2 36 . These combination therapies indicated poten-
tial beneficial effects in fibrosarcoma and melanoma tu-

w xmours in mice. In a recent study, Miklavcic et al. 37ˇ ˇ
investigated the immune response in mice after electro-
chemical treatment, where the electrodes were placed on
opposite sides of a sarcoma tumour. EChT was found to be
less efficient in immunodeficient mice than in immuno-
competent mice, and the authors concluded that the effec-
tiveness of low-level direct current strongly depends on the
host’s immune response.

w xRecently, Miklavcic et al. 38 investigated the effect ofˇ ˇ
Ž .EChT 0.6 mA, 1 h on the perfusion and tumour growth

Ž .of fibrosarcoma tumours LPB and SA-1 in mice. The
current was applied by two-needle platinum–iridium elec-
trodes, placed on opposite sides of the tumour. Tumour
growth retardation was obtained in both tumour models.
An almost complete absence of staining with Patent Blue
dye, in the SA-1 tumours, suggested that tumour growth
delay resulted from prolonged vascular occlusion. How-
ever, the LPB tumours decreased only slightly in tumour
staining, thus indicating a less effect of vascular damage.

w xJarm et al. 39 reported a continuation of the perfusion
studies on SA-1 tumours, using a rubidium extraction
technique. Tumour perfusion was found to decrease by
more than 50% following treatment, and it was not until
three days later that partial reperfusion occurred. The
dynamics of these perfusion changes correlated well with
the reported tumour growth data. The authors concluded,
for this particular tumour model, that vascular occlusion
could be the main anti-tumour mechanism.

w xPlesnicar et al. 40 treated 12 melanoma skin tumoursˇ
in five patients, where a steel needle cathode was inserted
into the tumour and three or four self-adhesive plate
anodes were placed on the skin, 30–40 mm from the edges
of the lesion. All of the patients, with one exception,

Ž .received electric treatment 1 mA, 30 min in combination
with systemic chemo- andror immunotherapy. The treat-
ments resulted in tumour mass reduction in all of the

Ž .evaluable lesions 10 out of 12 , but there were no ob-
served complete responses.

A number of papers have been published in Japanese
language journals that describe the anti-tumour effect of

EChT in animals and humans, either as a single type of
w xtherapy 41 or in combination with chemo- or radiother-

w x w xapy 42–46 . In one article 47 , published in The Euro-
pean Journal of Surgery, Matsushima et al. reviewed their

Ž .clinical experience 27 tumours in 26 patients with EChT
alone, and in combination with systemic chemotherapy
Žmitomycin, adriamycin, peplomycin, vincristine,

.bleomycin, vindesine-sulfate and cyclophosphamide . The
Ž .current 10–40 mA, 40–90 min was supplied by two

platinum electrodes placed in the tumour. More than 70%
of the tumours showed regression, and in two of the cases,
where only EChT was used, complete regression was
observed.

w xGriffin et al. 48 evaluated the effect of different
Ž .currents 1–5 mA, 30–90 min on inoculated mammary

carcinomas in mice. The animals were placed on a copper
plate electrode, while a gold wire was placed inside the
tumour and used as either the anode or cathode. The
results showed that the volume of tumour destruction,
obtained at a given coulomb dosage, was significantly
greater due to anodic than cathodic treatment. Further-
more, the study revealed a linear relationship between the
volume of regression induced in the tumour, and the
delivered coulomb dosage.

w xChou et al. 49 treated implanted fibrosarcoma tumours
Ž .in mice and rats with a constant voltage load F10 V for

Ž .different durations 1–2 h while using various electrode
configurations. Two to five platinum wire electrodes were
inserted into the mice tumours whereas four to seven
electrodes were used in the rat tumour treatments. All of
the treated tumours showed regression, although in many
of the animals the tumours recurred. After multiple treat-
ments, the best mouse tumour cure rate was 59%, after 3
months, and was 75% for the rats after 6 months.

3. Destruction mechanisms

Many studies have been dedicated to the investigation
of the underlying destruction mechanisms of EChT. Sev-
eral contributory factors seem to be involved in tissue
destruction, although their respective roles are not yet fully

w xunderstood. Early in 1959, Humphrey and Seal 2 hypoth-
esised that direct current therapy would change the tu-

Žmour’s inherent negative bioelectrical potential voltage
.difference between tumour and healthy tissue and thereby

causes an anti-tumour effect. This hypothesis was later
w xtested and rejected by Miklavcic et al. 27 . Temperatureˇ ˇ

effects due to current flow were once suggested as a
possible destruction mechanism, but this has now been

w xruled out by both experimental measurements 23,26,29
w xand theoretical calculations 23,27 .

Most people involved in recent research agrees that the
primary tissue destruction, obtained in the electrodes’ close
vicinity is caused by the toxic species produced in the
electrochemical reactions during electrolysis. The electro-
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chemical reactions occurring in the electrolysis of aqueous
saline solutions are well documented, and the current yield
of the different reactions strongly depends on the choice of

w xelectrode material and operating conditions 50 . If the
Ž .anode material is electrochemically soluble e.g., copper ,

the major part of the anodic current will consist of metal
dissolution. A small amount of the anodic current is trans-
ferred by the oxidation and reduction of certain species
already dissolved in the tissue. Some dissolvable metals
Ž .e.g., silver form a nonconducting compound on the anode
surface, which may cause current fluctuations. In cases
where the anode material is made of a metal that can be
passivated, such as platinum, metal dissolution is negligi-
ble. Passivity is caused by the formation of a thin
electron-conducting oxide film that acts as a barrier to the
anodic metal dissolution reaction. The main reactions, in
these cases, are decomposition of water and oxidation of
chloride:

2H O|O q4Hqq4ey 1Ž .2 2

2Cly|Cl q2ey. 2Ž .2

There are also several anode materials, including gold and
stainless steel, which do not belong to any of the cate-
gories mentioned above. Gold is only passive within a very
narrow potential interval, while the metal dissolution reac-
tion substantially increases at potentials above and below

w xthis potential interval 51 . Stainless steel behaves as a
passive metal when no current is applied, while it dissolves
due to local surface attacks when an anodic current is
applied.

The cathode material is protected against electrochemi-
cal dissolution by the applied cathodic current, and the
major electrochemical reaction in all cases is the decompo-
sition of water into molecular hydrogen and hydroxyl ions:

2H Oq2ey|H q2OHy. 3Ž .2 2

Species produced at the anode and cathode are mainly
transported to the surrounding tissue by diffusion due to

Ž .concentration gradients, and by migration charged species
due to the potential gradient. At the anode, the reaction
products, which can be locally destructive, are different
metal ions, hydrogen ions and various species containing
oxygen and chlorine. Hydroxyl ions and molecular hydro-
gen are the destructive reaction products at the cathode.
The electrochemical reaction products may also react with
organic and inorganic tissue constituents, to potentially
form new toxic products. Chlorine, for example, reacts
with water to form hypochlorous acid, chloride, and hydro-
gen ions. Other types of secondary reactions may include
an increase of intermediate toxic radicals, to which tumour
cells are assumed to be more sensitive to than normal cells

w xare 52 .
The presence of extreme local pH changes in tissue

surrounding the electrodes, during and after EChT treat-
w xment has been confirmed in many studies 5,29,53–55 .

The pH values down to 1 have been detected in tissue
w xadjacent to the anode 29 , while a pH as high as 13 has

w xbeen measured near the cathode 53 . At these unphysio-
logical conditions, vital proteins become denatured and

w xprecipitate 5,53,56 . The extreme pH conditions in the
vicinity of the electrodes have also been predicted in

w xseveral theoretical studies 57–61 . Furthermore, in a re-
w xcent study on mammary tissue in rats, von Euler et al. 54

found a correlation between pH and the size of anodic and
cathodic lesions produced by platinum–iridium electrodes.

w xSeveral authors have identified chlorine 5,53,62 and
w xhydrogen 5,53 evolving from the anode and cathode site,

w xrespectively. Samuelsson and Jonsson 63 measured the¨
content of organically bound chlorine in anodic lesions,
produced around platinum electrodes in the lungs of pigs,
and found it to be significantly elevated compared with
healthy tissue. They concluded that chlorine, through its
oxidative properties, is the main agent responsible for the
tissue destruction obtained in EChT treatments. Their con-
clusions were contradicted by the works of Berendson and

w x w xSimonsson 57 , and Berendson and Olsson 58 , which
presented several estimations of the spreading of chlorine
and hydrogen ions in tissue surrounding a platinum elec-
trode. The calculations indicated that the acidified zone
around the anode is significantly larger than the chlori-
nated zone and thereby determines the extent of tissue
destruction.

It has been suggested that the extreme pH condition in
the vicinity of the electrodes causes electrocoagulation and
thereby causing the shutdown of blood flow to the tumour
w x64,65 . This mechanism could possibly explain the anti-
tumour effect obtained in EChT studies where the elec-

w xtrodes are placed outside the tumour. Miklavcic et al. 38ˇ ˇ
w xand Jarm et al. 39 tested this hypothesis and obtained

promising results on fibrosarcoma tumours in mice. Tu-
mour blood perfusion was measured following treatment
with two-needle platinum–iridium electrodes, placed on

w xopposite sides of the tumour. In one experiment 39 , the
relative tissue perfusion of the tumours was found to
decrease by more than 50%.

The production of toxic electrolytic products may not
fully explain the anti-tumour effects obtained in EChT
studies. A series of in vitro studies with direct current, on
both malignant and normal cells, has showed that the
electric field itself influences both survival and prolifera-

w x w xtion of the cells 36,66–70 . Batista et al. 66,67 and Sersaˇ
w xet al. 36 carried out in vitro studies with currents in the

mA range. Their experiments resulted in an inhibition of
cell proliferation. Other authors report both stimulating and
suppressing effects on cell proliferation, in studies with

w xcurrents in the order of mA 69,70 .
The mechanism by which the electric field affects cell

growth and survival has not yet been elucidated but is
most probably a complex process. The electric field causes

Ž .a flux of interstitial water electro-osmosis from the anode
towards the cathode, and consequently, the tissue sur-
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rounding the anode dehydrates while oedema is obtained
w xaround the cathode 5,71 . Charged substances, dissolved

or suspended in tissue, migrate in the electric field and
accumulation of ions and charged tissue constituents are
obtained at certain and different locations in the electric
field. The electric field influences the ion exchange across
the cell membranes and thereby the conditions for many

w xessential enzyme-regulated reactions 5 . The possibility of
direct current in inducing an immune response or enhanc-
ing the toxicity of immune cells has also been discussed
w x37 .

4. Dose planning

A dose planning methodology is a prerequisite for
reproducible and predictable treatment results. When Nor-
denstrom first started his clinical work, few guidelines¨
existed to an optimal choice of treatment parameters and
an arbitrary dose of 100 Crcm of tumour diameter was

w xchosen 5 . Xin adopted this preliminary dose unit and
based on their clinical experiences, later adapted the

Žcoulomb dose depending on the type of tumour 30–100
. w xCrcm 12 .

In order to develop an optimised dose planning method-
ology, several authors have systematically investigated the
dose–response relationship between the applied current,
treatment time, coulomb dosage and tissue destruction.

w xSamuelsson et al. 55 treated normal lung and liver tissue,
Ž .in rabbits, with different coulomb dosages 2.5–40 C and

found a linear relationship between the volume of tissue
destruction around the anode, and coulomb dosage. Griffin

w xet al. treated both mouse mammary carcinomas 48 and
w x Ž .normal rat livers 64 with different currents 1–5 mA and

treatment times. The relationship between the volume of
Ž .primary tissue destruction and coulomb dosage 2–27 C

around both anode and cathode was also found to be linear
in this case. Moreover, no differences could be detected
between the biological effects obtained at lower and higher

w xcurrents at a given coulomb dosage. Robertson et al. 72
Ž .made a similar study 1–5 mA, 1–5 C , in normal rat

livers, and came to the same conclusions.
While the above data supports the hypothesis that

coulomb dosage is a reliable dose parameter, other workers
w xhave reported the opposite. Von Euler et al. 54 treated

normal mammary tissue in rats and obtained significant
differences in lesion sizes when using currents of 1 and 5

Ž . w xmA at constant coulomb dosage 5 C , Yen et al. 68
studied the growth retardation and survival of human KB
cells after electrochemical treatment and found that the
cytotoxicity of EChT is related not only to coulomb dosage,
but also to the way by which the coulomb dosage was
delivered. Treatments with low current and longer treat-
ment times resulted in lower cell viability, compared to
treatments with higher current and shorter treatment time.

w xXin et al. 14 reported analogous results from clinical
treatments of lung tumours.

Another approach towards a reliable dose planning
methodology is the use of physicochemical simulation
models. Such models are based on a set of physico-
chemical differential equations that describe the transport
and reaction processes occurring at the electrodes during
EChT. By solving these equations, concentration profiles
of substances dissolved in tissue, and the potential profile
within the tissue itself, can be simulated as a function of
time. Hence, together with knowledge of the underlying
destruction mechanism, the model can be used to predict
the tumour destruction produced through EChT.

Several physicochemical simulation models of EChT
w xhave been proposed in the literature. Cvirn et al. 59

calculated the spreading of the alkaline zone around a
w xspherical cathode while Berendson and Simonsson 57

w xand Berendson and Olsson 58 studied the spreading of
hydrogen ions and molecular chlorine around spherical and
planar platinum anodes. In both works, the authors stated
that the calculations must be considered as preliminary
estimations, since the influence of the potential field on
electrode kinetics and the spreading of ions were ne-

w xglected. In two recently published articles 60,61 , Nilsson
et al. developed a mathematical model of the processes
occurring around a spherical platinum anode. Tissue was
treated as a sodium chloride solution containing a bicar-
bonate buffer system, and in contrast to the other models,
it included both electrode kinetics and transport due to
migration in the electric field. A promising correlation was
obtained when comparing their simulated pH profiles with

w xthose, and lesion sizes, found experimentally 54,55 .

5. Discussion

A common method of characterising different EChT
treatments, as has been mentioned above, is the amount of

Ž .charge in coulombs that has been transferred between the
electrodes. It is our opinion that other parameters, such as
current density, time, electrode geometry and electrode
configuration, also play important roles in the effect of the
treatment.

The current density at the surface of a passivated metal,
acting as an anode, determines the yield of the electro-
chemical reactions, i.e., oxygen evolution and chlorine
formation. Tissue adjacent to the anode at low current
densities becomes saturated with chlorine, and chlorine

w xproduced subsequently is lost to the surroundings 73 .
Secondary reactions of chlorine with tissue play important
roles as hydrogen ion generators, and the contribution of
these reactions to the acidification of tissue, around the

w xanode, increases with decreasing current density 73 .
The current density also determines the electric field

strength and thereby influences the transport of ionic
species around the electrodes. The fact that the spreading
of hydrogen ions occurs in an electric field implies that a
higher spreading rate occurs compared to the situation
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where a dilute solution of hydrochloric acid is infused into
tissue, in the absence of an electric field. In the latter case,
the transport rate of hydrogen ions is determined by the
effective diffusion coefficient of hydrochloric acid, while
in EChT, transport is determined by the migration rate of
the hydrogen ion. A similar reasoning is valid for the
transport of hydroxyl ions from the cathode, although this
transport is lower than that of hydrogen ions.

The applied voltage is carefully noted as a treatment
parameter in some of the published studies. It is important
to observe that the thermodynamic potential difference
between the anode and the cathode, the so-called Nernst’s
potential difference, is about 2 V due to the anodic reac-
tions, oxygen and chlorine formation, and the hydrogen
evolution reaction at the cathode. In addition to this poten-
tial difference, one must consider the total electrochemical
polarisation at the electrodes and the ohmic losses in the
tissue. Both these losses depend strongly on the geometri-
cal shape and the configuration of the electrodes, which
implies that the voltage between the anodes and cathodes
is individual for every treatment set-up.

The transferred charge during treatment, given in
coulombs, is a measure of the amount of chemical reaction
products formed at the electrodes. However, the effect of a
specified coulomb dose is not always consistent. For ex-
ample, if the applied current is sufficiently low, buffering
systems in the tissue may counteract the pH changes at the
electrodes, and consequently, no acidification or alkalisa-
tion is obtained. Thus, the number of coulombs corre-
sponds to the amount of reaction products formed at the
electrodes during a treatment but does not directly describe
their distribution in the tumour.

The destructive reaction products, formed at the elec-
trodes during the electrochemical treatment, give rise to
both immediate cell death and long-term effects to the
surrounding tissues. The extreme pH conditions in the
vicinity of the electrodes causes an instant coagulative
necrosis, while secondary changes such as decreased per-
fusion of tumours cause hypoxia and a diminished nutri-
tional level. In addition, it has been demonstrated that the
electric field itself influences both the survival and prolif-
eration of the cells. It is of great interest to distinguish if
there is a difference in these responses between tumour
cells and normal cells. To deal with this and other related
topics, further in vitro studies must be done. An in vitro
environment enables a unique possibility to study the cells’
response to different treatments, and also to isolate single
factors created during EChT, which could be harmful to
the cells. Through initiating histopathological and molecu-
lar biological studies, one may discern between injuries on
cell membranes and cell nuclei, and possibly decide if
apoptosis has occurred.

According to the Chinese clinical experience, EChT
exhibited more promising effects on superficial than vis-
ceral tumours. A possible explanation to these experiences
is that the buffer capacity of a superficial tumour is lower

compared to that of a visceral tumour. The reaction prod-
ucts in a superficial tumour, formed at the electrodes,
would be confined by the presence of an outer boundary
surface, which would enhance the toxic effect of the
treatment.

Several authors have suggested the benefit of combin-
ing EChT with other established treatment methods. Elec-
trochemical treatment in combination with chemotherapy
w x w x32 or radiotherapy 44 was shown to be more effective
than either treatment acting alone. Moreover, immunologi-
cally related compounds, such as TNF-a , IFN-a and IL-2,
used in combination with EChT were found to enhance the

w xeffect of the electrochemical treatment 33–36 . TNF-a
gave massive necrosis after treatment, whereas the effec-
tiveness of IL-2 differed significantly depending on the
tumour strain. It was also found that the efficiency of
EChT was less in immunodeficient mice compared to
immunocompetent mice, thus indicating that the effective-
ness of the treatment strongly depends on the host’s im-

w xmune response 37 .
We propose two other combination therapies in addition

to those suggested in the literature. EChT could be used to
pretreat inaccessible parts of a tumour, or decrease the
volume of a large tumour, before the remainder is removed
by surgery. EChT may also serve as a complement to
radiotherapy in the treatment of large tumours. The limita-
tions of radiotherapy in effectively achieving tumour con-
trol in the centre of a large tumour is mainly due to the
fact that a large portion of the cells might be hypoxic
because of an impaired blood supply and high intratu-
moural pressure. A good oxygenation of the tissue will
result in the development of more oxygen radicals and

w xfurther DNA damage during radiotherapy 74 . In addition,
peripheral parts of the tumour might periodically become

w xhypoxic by the shunting of blood 75 . Hence, a possible
combination therapy could involve an initial stage using
EChT, placing the anode in the centre of the tumour,
followed by radiotherapy. In this case, EChT would act
both as an independent therapy and as an efficient oxy-
genating pretreatment to radiotherapy. In order to avoid the
chlorinating part of the anodic process, an anode with a

Žsurface coating that promotes oxygen evolution e.g., irid-
.ium oxide could be used. Moreover, if the tumour is

situated in a very sensitive organ, one may consider plac-
ing the cathode in a main vein instead of in normal tissue
close to the tumour.

The clinical experience of EChT in China indicates that
this method is a safe and simple anti-tumour therapy for
treatment of localised malignant as well as benign tu-
mours. Although more than 10 000 patients have been
treated in China during the past 10 years, EChT has not yet
been universally accepted. There is a need for further
essential preclinical studies and reliably controlled clinical
trials for the method to be applied outside of China. In
addition, further systematic investigations of the destruc-
tion mechanisms behind EChT should be done. Some
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promising dose-planning models have been reported in the
literature and these physicochemical simulation models
may, in the relatively near future, be used in the occidental
hospitals as a basis for systematic planning of EChT. The
highest priority should be given to molecular biological
studies and controlled clinical trials in order to compare
the suitability and efficiency of EChT with fully estab-
lished anti-tumour therapies.
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