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Introduction: Overview, History,
Terminology and Early Clinical
Experience

Frederick O. Stephens’

1.1 History of Modern Cancer Treatments

The history of the search for effective cancer treatment is probably as old as the his-
tory of any formal medical practice. However, apart from crude ablative surgery with-
out general anaesthesia, it was not until the discovery of general anaesthesia in the
mid-nineteenth century that modern operative surgery, as we know it, could be devel-
oped. Thus, safe and painless operative surgery developed as the first significant
advance in cancer treatment. Initially, use of operative surgery under general anaes-
thesia was usually complicated by a very high incidence of wound infection. The
problem of wound infection was clarified and largely controlled by the discovery of
offending microorganisms by such great pioneers as Semmelweis of Hungary, Pasteur
of France, Koch of Germany and the Scot Lister who was working in England [1].
About 50 years later, in the early twentieth century, the second great advance in
effective anticancer treatment was the discovery of the effects of gamma irradiation on
tissues by Roentgen in Germany and the Curies in France. Radiotherapy thus became
the second effective modality for cancer treatment. The third great advance in cancer
treatment about mid-twentieth century was the discovery of hormones and chemical
agents that could either control or restrain cancer cell production or destroy cancer cells.
Until the mid-twentieth century, most cancer treatment was in the hands of sur-
geons or radiotherapists. The first discovery of effective hormone treatment was by
Dr. George Beatson in Scotland in relation to breast cancer and then by Drs. Huggins
and Hodges in America in relation to prostate cancer. Soon after the evidence that
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hormone manipulation could reduce the size and aggressive qualities of some can-
cers, the first anticancer chemical agents were discovered.

An accidental finding in World War II showed that war gases, nitrogen mustard
and related compounds affected dividing cells. Application of these observations by
haematologists showed that some haematological malignancies, leukaemias and
lymphomas, responded to these agents. This was the beginning of modern chemo-
therapy for cancer treatment. Thus, historically, haematologists were first to use
modern anticancer agents in a clinical situation.

After nitrogen mustard, a number of other anticancer drugs became available
including hydroxyurea and methotrexate. These were soon followed by the discovery
of more anticancer agents classified according to their different chemical compounds
and different biological effects on cancer cells. The first effective anticancer chemical
agents were alkylating agents and then followed by different categories of effective
anticancer agents, namely, antimetabolites, antimitotics, antibiotics and more recently
biological agents such as monoclonal antibodies including Herceptin [1].

Whilst haematologists were the first specialists to use new anticancer agents,
surgeons and radiotherapists were next to use the new chemical anticancer agents
simply because surgeons and radiotherapists were the traditional carers for people
with non-haematological malignancies.

Surgeons and radiotherapists began to use the new anticancer agents in treatment
of cancers that were recurrent after initial treatment by operative surgery or radio-
therapy. When given as systemic treatment for local recurrence after failed surgery
or radiotherapy, results of using the new anticancer agents were disappointing.
When given in doses that did not cause unacceptable systemic toxicity, locally
recurrent tumour responses were minimal to the agents that were available [2, 3].

Some surgeons rationalised that if the new anticancer agents were given directly
into the arteries supplying the cancers with blood, it would increase local concentration
of the agents which should affect the local cancer cells more significantly without risk-
ing the same degree of systemic toxicity [4—-6]. Most head and neck cancers were in a
region supplied by the external carotid artery so that most first trials of intra-arterial
chemotherapy were in treating locally advanced head and neck cancers [2, 3, 7].

Although logical in theory, the first uses of intra-arterial chemotherapy to treat
locally advanced head and neck cancer failed. Most surgeons then lost interest in the
then ‘new’ anticancer agents because they had not been effective in treating their
failures, that is, recurrent localised primary cancers.

At the same time, first haematologists and then general physicians recognised the
value of systemic chemotherapy in treating not only haematological malignancies
but also widespread metastatic cancers, so that the use of these agents was left
largely to those clinicians who were treating systemic cancers. Thus, a new special-
ity to become known as medical oncology developed.

1.2  Origins of Induction Chemotherapy

Meanwhile, it became apparent to some surgeons that most of the first cancers being
treated by surgeons using regional chemotherapy had been recurrent cancers after
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previous surgery and/or radiotherapy had failed. The cancers were recurrent in
scarred or poorly vascularised tissues resulting from previous surgical or radiation
blood vessel damage. As chemotherapy was taken to the cancer cells in the blood-
stream, the dose and concentration reaching cancers in poorly vascularised tissues
was less than in well-vascularised tissues.

During surgery, blood vessels are ligated, thus reducing the blood supply to
cancers that recur in or near the surgical wound. After radiotherapy, there is also
damage to blood vessels. Some surgeons recognised the potential value of anti-
cancer drugs in having a significant impact on regional advanced cancers, pro-
vided the blood supply had not been compromised by previous surgery or
radiotherapy. They also hypothesised that the chemotherapy should have a greater
impact if delivered to the cancer in a more concentrated form by direct intra-
arterial infusion. Some surgeons renewed their interest in using chemotherapy
delivered by direct intra-arterial infusion as initial treatment of locally advanced
cancers in a region embraced by one or two arteries that could be safely cannu-
lated and infused [7-9].

Chemotherapy alone rarely cured locally advanced cancers but there was a
renewed interest in reducing advanced and doubtfully resectable primary cancers by
first treating them with chemotherapy and subsequently using operative surgery
and/or radiotherapy to eradicate the residual tumour.

Figure 1.1 is a photomicrograph that shows most of this small previously irradi-
ated artery is blocked leaving only a small central opening for little blood flow. Thus
little chemotherapy could flow through this artery to affect a cancer.

The effect of previous radiotherapy on blood flow is shown in Fig. 1.2, which is
a photograph of the face of a woman who 2 years previously had radiotherapy for a
cancer on her lower lip. Patent blue dye injected into both external carotid arteries
showed that the blue flowed into the skin of her face except that part of her face
previously in the field of radiotherapy.

Many studies have since confirmed that some locally advanced primary cancers
can be reduced in size and aggression by first using chemotherapy. Thus, given as
initial treatment, before local surgery or radiotherapy had damaged blood vessels
supplying the tumour with blood, chemotherapy would have permeated the tumour

Fig. 1.1 Photomicrograph
that shows most of this
small previously irradiated
artery is blocked leaving
only a small central
opening for little blood
flow. Thus little
chemotherapy could flow
through this artery to affect
a cancer
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Fig.1.2 The effect of previous radiotherapy on blood flow is shown in this photograph of the face
of a woman who 2 years previously had had radiotherapy for a cancer on her lower lip. Patent blue
dye injected into both external carotid arteries showed that the blue flowed into the skin of her face
except that part of her face previously in the field of radiotherapy

tissue more effectively and so reduce the size, extent and aggressive qualities of the
cancer. The cancer then would very often be reduced to proportions that were curable
by following radiotherapy and/or surgery. That chemotherapy to the primary cancer
is more effective if administered before radiotherapy or surgery was reported in 1968
from the Christian Medical College in Vellore, India, by Professor Joseph and his
colleagues [10].

1.3  Terminology

Many names have been given to such initial chemotherapy administered as first
treatment to reduce the tumour, inducing changes to make the cancer more curable
by surgery and/or radiotherapy. It has been called reducing, primary, initial, induc-
tion, neoadjuvant or basal chemotherapy.

With reference to the commonly used term neoadjuvant, Greek and Latin schol-
ars wonder at the mixture of the Greek prefix ‘neo’ with the Latin adjective ‘adju-
vant’. If a mixture of Greek and Latin is acceptable and then the appropriate Greek
prefix would be ‘protos’ meaning initial or forerunner, thus ‘proto-adjuvant’ would
be more appropriate. The prefix ‘neo’ is Greek for new and this would suggest that
this was a new form of adjuvant chemotherapy, which is not true. The term neoad-
Jjuvant does not fit comfortably with surgeons who first used these agents as ‘preop-
erative’ therapy before the term ‘adjuvant’ chemotherapy was described. The ‘new
adjuvant’ chemotherapy was not a new approach after the term ‘adjuvant chemo-
therapy’ had been introduced; it was an old approach being rediscovered by a new
group of oncologists.

The term induction chemotherapy is probably the most descriptive as the chemo-
therapy is given to induce changes that make follow-up surgery and/or radiotherapy
more likely to be successful [10, 11].
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1.4  Early Experience with Intra-arterial Induction
Chemotherapy

Some photographic examples of successful application of intra-arterial induction
chemotherapy conducted by the Sydney surgical oncology unit from the early 1970s
onwards are shown in Figs. 1.3,1.4,1.5,1.6, 1.7, 1.8, 1.9, 1.10, 1.11 and 1.12.

Figure 1.3a is a photograph of a previously untreated SCC growing over the left
eye of a 90-year-old woman.

Figure 1.3b is a photograph taken after injection of disulphine blue dye into the
external carotid artery. This confirmed that the cancer would get a greater concen-
tration of chemotherapy when it was infused into this artery.

After 4 weeks of continuous intra-arterial chemotherapy (using methotrexate and
bleomycin), the cancer was much smaller, and the patient could see again as shown
in Fig. 1.3c. She was satisfied with this result as she could see again but, at the age
of 90, she declined any further treatment.

Figure 1.4a is a photograph of a man who had neglected a cancer (SCC) destroy-
ing his nose.

After 5 weeks of intra-arterial chemotherapy slowly infused into both external
carotid arteries, the cancer had regressed considerably to allow following radio-
therapy to be very effective as seen in Fig. 1.4b.

After completion of radiotherapy, there was no longer any evidence of residual
cancer but quite a deformity of his nose as can be seen in Fig. 1.4c.

After 2 years and no recurrence of his cancer, this man’s nose was reconstructed
by plastic surgery. When last seen 5 years later, he was well and did not have any
evidence of cancer.

In 1974 the man in the photograph in Fig. 1.5a presented with a large cancer of
his lower lip, previously untreated.

In Fig. 1.5b it can be seen that the cancer involved the whole of his lower lip and
had involved lymph nodes in the right side of his neck.

After 5 weeks of continuous chemotherapy given by slow infusion into both
external carotid arteries, the lip cancer was much smaller as shown in Fig. 1.5c. The
large lymph nodes in his neck were also smaller.

After a break of 3 weeks, his lower lip was then treated by radiotherapy. The final
result, as shown in Fig. 1.5d, showed no evidence of cancer in his lip.

The lymph nodes in the right side of his neck were smaller but still enlarged. The
nodes were resected in a block dissection. A small nest of cancer cells was detected
in two of the resected lymph nodes. Figure 1.5e shows the scars on his neck 6 months
later. There was no evidence of any further cancer.

Like many patients who wait so long to first seek treatment, this man did not
keep his follow-up appointments; but I happened to see him at a horserace meeting
12 years later. He remained well. The photograph in Fig. 1.5f was taken.

In August 1981, the lady shown in Fig. 1.6a was referred for treatment of her
extensive BCC on her face. She had lived like a hermit in virtual isolation for many
years. The extensive carcinoma destroying her nose and involving her right eye and
right upper lip had never previously been treated. She presented for treatment
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Fig.1.3 (a) is a photograph of a previously untreated SCC growing over the left eye of a 90-year-
old woman. (b) is a photograph taken after injection of disulphine blue dye into the external carotid
artery. This confirmed that the cancer would get a greater concentration of chemotherapy when it
was infused into this artery. (c) After 4 weeks of continuous intra-arterial chemotherapy (using
methotrexate and bleomycin), the cancer was much smaller, and the patient could see again. She
was satisfied with this result because she could see again, but at the age of 90, she declined any
further treatment

because she was having difficulty with opening her right eye and some difficulty
with eating.

She had a fear of surgery but agreed to a trial of chemotherapy. Cannulae were
inserted into both external carotid arteries and continuous intra-arterial infusion
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Fig.1.4 (a) is a photograph of a man who had neglected a cancer (SCC) destroying his nose. (b)
After 5 weeks of intra-arterial chemotherapy slowly infused into both external carotid arteries, the
cancer had regressed considerably to allow following radiotherapy to be very effective. (¢) After
completion of radiotherapy, there was no longer any evidence of residual cancer but quite a defor-
mity of his nose as can be seen. After 2 years and no recurrence of his cancer, this man’s nose was
reconstructed by plastic surgery. When last seen 5 years later, he was well and did not have any
evidence of cancer

chemotherapy was administered using methotrexate, bleomycin, vincristine and
actinomycin D in daily rotation for 4 weeks.

The BCC resolved and Fig. 1.6b is a photograph taken 2 weeks after completion
of the intra-arterial chemotherapy.

As the lady could see and eat better, she was satisfied with the result and declined
to have any further treatment.
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In 1976, a 56-year-old woman presented with the previously untreated cancer in
her right breast shown in Fig. 1.7a.

Because a cancer of this size would be most unlikely to be cured by surgery or
by radiotherapy, it was decided to first treat her with continuous chemotherapy
administered by slow intra-arterial infusion.

After a cannula had been inserted into the subclavian artery to the origin of the
internal mammary artery, blue dye injected into the cannula confirmed that blood
flow embraced the cancer and nodes in the axilla as shown in Fig. 1.7b.

ey

—
f!lmfn-.l:l

Fig.1.5 (a) In 1974 the man photographed presented with a large cancer of his lower lip, previ-
ously untreated. (b) In this lateral view, it can be seen that the cancer involved the whole of his
lower lip and had involved lymph nodes in the right side of his neck. (¢) After 5 weeks of continu-
ous chemotherapy given by slow infusion into both external carotid arteries, the lip cancer was
much smaller. The large lymph nodes in his neck were also smaller. (d) After a break of 3 weeks,
his lower lip was then treated by radiotherapy. The final result pictured showed no evidence of
cancer in his lip. The lymph nodes in the right side of his neck were smaller but still enlarged. The
nodes were resected in a block dissection. A small nest of cancer cells was detected in two of the
resected lymph nodes. (e) The scars on his neck 6 months later. There was no evidence of any
further cancer. (f) Like many patients who wait so long to first seek treatment, this man did not
keep his follow-up appointments; but I happened to see him at a horserace meeting 12 years later.
He remained well. This photograph was taken
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Fig.1.5 (continued)

The regimen used consisted of Adriamycin, vincristine and methotrexate with
intramuscular folinic acid.

After a month of chemotherapy continually infused into the cannula, the cancer
had regressed significantly as seen in Fig. 1.7c.

After completion of follow-up radiotherapy that was commenced 3 weeks after
finishing chemotherapy, the cancer had completely responded. A scar remained but
there was no evidence of residual cancer, as shown in Fig. 1.7d. This lady remained
well for 5 years before secondaries in her liver became evident.

To reduce the risk of later recurrence of cancer in the breast, or development of
metastases, for apparent stage III breast cancers, we have since always recommended
removal of the breast and post-operative systemic ‘adjuvant’ chemotherapy as routine.

In 1979, the woman shown in Fig. 1.8a, with a huge, bleeding, smelling breast
cancer was brought to Sydney Hospital by ambulance. She was an alcoholic and had
never before consulted a doctor. A cannula was inserted into her left subclavian
artery to the opening of the internal mammary artery and she was treated with intra-
arterial chemotherapy.

The regimen used consisted of Adriamycin, vincristine and methotrexate with
intramuscular folinic acid. After a month of continuous intra-arterial infusion che-
motherapy, the cancer had regressed as can be seen in Fig. 1.8b.

After a break of 3 weeks, this lady was then treated with radiotherapy to her
breast and axilla. The result is shown in Fig. 1.8c.
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Fig. 1.6 (a) In August 1981, this lady was referred for treatment of her extensive BCC on her
face. She had lived like a hermit in virtual isolation for many years. The extensive carcinoma
destroying her nose and involving her right eye and right upper lip had never previously been
treated. She presented for treatment because she was having difficulty with opening her right eye
and some difficulty with eating. She had a fear of surgery but agreed to a trial of chemotherapy.
Cannulae were inserted into both external carotid arteries and continuous intra-arterial infusion
chemotherapy was administered using methotrexate, bleomycin, vincristine and actinomycin D in
daily rotation for 4 weeks. (b) This is a photograph taken 2 weeks after completion of the intra-
arterial chemotherapy. As the lady could see and eat better, she was satisfied with the result and
declined to have any further treatment

After completion of treatment, there was no evidence of residual cancer in her
breast. However, on admission, she had been found to have small liver metastases
but they had not been causing her any symptoms. Her presenting symptoms of
breast pain, bleeding and discomfort were relieved by the treatment given but she
died 2 years later with liver metastases. At her death, there was no evidence of fur-
ther recurrence in her breast.

In 1982, a 48-year-old lady presented with a 7 cm inflammatory-type medullary car-
cinoma in her left breast. The cancer was fixed to overlying red skin and deep tissues. It
was treated with a similar regimen as was used in the patient discussed in Fig. 1.7.

The mass much reduced after a month of intra-arterial chemotherapy and further
resolved after radiotherapy, but there remained thickened tissue attached to the skin
in the region of the original cancer. This tissue was widely resected, and the result-
ing defect was repaired by a full-thickness rotation flap taken from over her latissi-
mus dorsi muscle. No viable cancer cells were found in the resected fibrous tissue.
She was then treated with systemic chemotherapy for 4 months. The photograph
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Fig. 1.7 (a) In 1976 this 56-year-old woman presented with this previously untreated cancer in
her right breast. Because a cancer of this size would be most unlikely to be cured by surgery or by
radiotherapy, it was decided to first treat her with continuous chemotherapy administered by slow
intra-arterial infusion. (b) After a cannula had been inserted into the subclavian artery to the origin
of the internal mammary artery, blue dye injected into the cannula confirmed that blood flow
embraced the cancer and nodes in the axilla. (¢) After a month of chemotherapy continually
infused into the cannula, the cancer had regressed significantly. (d) After completion of follow-up
radiotherapy that was commenced 3 weeks after finishing chemotherapy, the cancer had com-
pletely responded. A scar remained but there was no evidence of residual cancer. This lady
remained well for 5 years before secondaries in her liver became evident. To reduce the risk of later
recurrence of cancer in the breast, or development of metastases, for apparent stage III breast can-
cers, we have since always recommended removal of the breast and post-operative systemic ‘adju-
vant’ chemotherapy as routine

(Fig. 1.9) shows the end result. The patient remains well and free from cancer at the
time of writing, which is 27 years after her treatment.

In 1973, a 60-year-old oyster farmer with the previously untreated squamous cell
cancer completely surrounding his lower right forearm, as shown in Fig. 1.10a, was
referred to our Sydney Hospital Clinic. The forearm mass was fixed and enlarged
hard lymph nodes were felt in his right axilla. A surgeon had advised him to have a
forequarter amputation but the patient had refused.

A small cannula was inserted surgically into his right subclavian artery. Injection
of patent blue dye confirmed that the axilla, arm and forearm were in the field of
infusion.

After 6 weeks of continuous, slow chemotherapy infusion, the cancer had
regressed, leaving a large but mobile shallow ulcer as seen in Fig. 1.10b. Biopsy
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Fig.1.8 (a) In 1979 the woman shown with a huge bleeding, smelling breast cancer was brought
to Sydney Hospital by ambulance. She was an alcoholic and had never before consulted a doctor.
A cannula was inserted into her left subclavian artery to the opening of the internal mammary
artery and she was treated with intra-arterial chemotherapy. The regimen used consisted of
Adriamycin, vincristine and methotrexate with intramuscular folinic acid. (b) After a month of
continuous intra-arterial infusion chemotherapy, the cancer had regressed as can be seen in this
photograph. (¢) After completion of follow-up radiotherapy, there was no evidence of residual
cancer in her breast. However on admission, she had been found to have small liver metastases, but
they had not been causing her any symptoms. Her presenting symptoms of breast pain, bleeding
and discomfort were relieved by the treatment given but she died 2 years later with liver metasta-
ses. At her death there was no evidence of cancer in her breast

confirmed that some squamous cancer cells were still present in the wound (the
regimen used was bleomycin 15 mg and methotrexate 50 mg on alternate days for
1 week and then methotrexate daily with systemic folinic acid).
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Fig. 1.9 In 1982 a 48-year-old lady presented with a 7 cm inflammatory-type medullary carci-
noma in her left breast. The cancer was fixed to overlying red skin and deep tissues. It was treated
with a similar regimen as was used in the patient discussed in Fig. 1.7. The mass was much reduced
after a month of intra-arterial chemotherapy and further resolved after radiotherapy, but there
remained thickened tissue attached to the skin in the region of the original cancer. This tissue was
widely resected and the resulting defect was repaired by a full-thickness rotation flap taken from
over her latissimus dorsi muscle. No viable cancer cells were found in the resected fibrous tissue.
She was then treated with systemic chemotherapy for 4 months. The photograph shows the end
result. The patient remains well and free from cancer at the time of writing, which is 27 years after
her treatment

After resection of the residual ulcer that still contained some cancer cells, ten-
dons and bone were exposed in the open wound as seen in Fig. 1.10c.

To get full-thickness skin cover with some protective fat, the forearm wound was
buried under a bridge of lower abdominal skin as shown in Fig. 1.10d.

A split skin graft was applied to cover the abdominal wound from which the full-
thickness skin and subcutaneous tissues had been taken. After 4 weeks, the full-
thickness abdominal wall skin was well vascularised and growing over the wound;
it was then detached from his abdomen.

The axillary lymph nodes were much smaller but still enlarged. An axillary dis-
section was completed. Cancer cells were found in two of the resected lymph nodes.

Figure 1.10e shows the final result 1 year later.

For 12 years this man always brought a bucket of oysters when he came for fol-
low-up visits. He claimed that we deserved these not only for saving his arm but for
another personal reason. Whenever he went to his local village pub, there was
always someone who would want to see his arm covered by abdominal skin and his
abdomen with a split skin graft. He was always supplied with free beers. We were
sorry to learn that this delightful man died after a heart attack 15 years after his
operation, but he had no evidence of residual cancer.

The angiograms shown in Fig. 1.11 show just two of several limb sarcomas
treated initially by intra-arterial induction chemotherapy in the Sydney unit.
Increasingly, a team approach was developed. Whenever bone had to be resected,
and a bone or joint replaced, this was performed by our orthopaedic surgeon col-
league (the late Professor William Marsden).
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Fig.1.10 (a) In 1973 a 60-year-old oyster farmer presented with this previously untreated squa-
mous cell cancer completely surrounding his lower right forearm, as shown in the photograph. The
forearm mass was fixed and enlarged hard lymph nodes were felt in his right axilla. A surgeon had
advised him to have a forequarter amputation but the patient had refused. A small cannula was
inserted surgically into his right subclavian artery. Injection of patent blue dye confirmed that the
axilla, arm and forearm were in the field of infusion. (The regimen used was bleomycin 15 mg and
methotrexate 50 mg on alternate days for 6 week and then methotrexate daily with systemic folinic
acid.) (b) After 6 weeks of continuous, slow chemotherapy infusion, the cancer had regressed,
leaving a large but mobile shallow ulcer as seen in this photo. Biopsy confirmed that some squa-
mous cancer cells were still present in the tissue. (¢) After resection of the residual ulcer that still
contained some cancer cells, tendons and bone were exposed in the open wound as seen in this
photo. (d) To get full-thickness skin cover with some protective fat, the forearm wound was buried
under a bridge of lower abdominal skin. A split skin graft was applied to the cover the abdominal
wound from which the full-thickness skin and subcutaneous tissues had been taken. After 4 weeks,
the full-thickness abdominal wall skin was well vascularised and growing over the wound; it was
then detached from his abdomen. The axillary lymph nodes were much smaller but still enlarged.
An axillary dissection was completed. Cancer cells were found in two of the resected lymph nodes.
(e) The final result 1 year later
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Fig. 1.11 (a, b) These illustrations show the vascularity of a large synoviosarcoma of popliteal
fossa before and after 4 weeks of continuous slow intra-arterial chemotherapy infusion into the
femoral artery. (¢, d) These illustrations show a similar tumour blush before and after 3 weeks
intra-arterial chemotherapy infusion as induction treatment of this malignant fibrous histiocytoma.
These reduced cancers were then easily resected without the limb amputations that had originally
been recommended. Both patients remained well and without cancer for the 10 years of
follow-up

After some years of surgically inserting intra-arterial catheters, a radiological
technique of catheter insertion was developed by our vascular radiologist (Dr.
Richard Waugh). Closer liaison was developed with our pathologist (Professor Stan



16 F.O. Stephens

a9 X

Fig.1.12 In some cases, another indication of tumour response to regional chemotherapy can be
seen by drawing lines around the palpable tumour periphery at weekly intervals as shown in this
photograph. The circles around this liposarcoma were drawn at weekly intervals after commencing
intra-arterial chemotherapy. Three weeks after completion of continuous intra-arterial chemother-
apy, the residual small necrotic mass was excised. The regimen used was Adriamycin 20 mgm,
actinomycin D 0.5 mg and vincristine 0.5 mg on alternate days with oral hydroxyurea 1G and
cyclophosphamide 50 mg on day 4. For 6 months systemic adjuvant chemotherapy was given post-
operatively. The patient was followed-up for 10 years without evidence of residual tumour

McCarthy) who advised initially of the cancer or sarcoma type and subsequently its
response to the chemotherapy.

Figure 1.11a, b show the vascularity of a large synoviosarcoma of popliteal fossa
before and after 4 weeks of continuous slow intra-arterial chemotherapy infusion
into the femoral artery. Figure 1.11c, d show a similar tumour blush before and after
3 weeks of intra-arterial chemotherapy infusion as induction treatment of this
malignant fibrous histiocytoma. These reduced cancers were then easily resected
without the limb amputations that had originally been recommended. Both patients
remained well and without cancer for the 10 years of follow-up.

In some cases, another indication of tumour response to regional chemotherapy can
be seen by drawing lines around the palpable tumour periphery at weekly intervals as
shown in Fig. 1.12. The circles around this liposarcoma were drawn at weekly intervals
after commencing intra-arterial chemotherapy. Three weeks after completion of con-
tinuous intra-arterial chemotherapy, the residual small necrotic mass was excised. The
patient was followed-up for 10 years without evidence of residual tumour.

The regimen used was Adriamycin 20 mg, actinomycin D 0.5 mg and vincristine
0.5 mg on alternate days with oral hydroxyurea 1 g and cyclophosphamide 50 mg
on day 4.

For 6 months systemic adjuvant chemotherapy was given post-operatively.

CAT scans can also give a good indication of tumour response to chemotherapy
in some patients. The CAT scans in Fig. 1.13 show a malignant fibrous histiosar-
coma in a thigh before commencing intra-arterial chemotherapy (Fig. 1.13a) and
after 3 weeks of continuous chemotherapy when the mass was distinctly smaller
(Fig. 1.13b).
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Fig.1.13 CAT scans can also give a good indication of tumour response to chemotherapy in some
patients. These CAT scans show a malignant fibrous histiosarcoma in a thigh before commencing
intra-arterial chemotherapy (a) and after 3 weeks of continuous chemotherapy when the mass was
distinctly smaller (b)

1.5 Principles and Practice of Induction Chemotherapy

In summary, it has been established that chemotherapy alone is unlikely to totally
eradicate malignant cells in a large or aggressive tumour mass, but in most cases
initial induction chemotherapy will induce changes in tumour size and aggressive
characteristics prior to subsequent management. The residual partly or wholly dam-
aged or necrotic primary tumour can then often be eradicated by operative surgery
or radiation therapy or by a combination of both radiotherapy and surgery. It is
because at presentation the tumour has a good blood supply, uncompromised by
previous radiotherapy or surgery, that chemotherapy, being carried to the tumour by
blood, has a greater therapeutic potential in initially treating such locally advanced
tumours. Chemotherapy is much less likely to be effective if the tumour blood sup-
ply had been compromised by previous operative surgery or irradiation-induced
vascular damage [3].

By definition, then induction chemotherapy is chemotherapy used as the first
modality of an integrated treatment programme. The simplest and most readily
available method of administering induction chemotherapy is by systemic delivery,
but in some situations, a greater chemotherapy impact can be achieved by delivering
a more concentrated dose of effective anticancer agents more directly to the region
containing the cancer. This regional chemotherapy is usually best achieved by deliv-
ering the chemotherapy directly into the arterial blood supply of the cancer.
However, intra-thoracic, intra-peritoneal or intrathecal delivery may be more appro-
priate in some situations.

To achieve an advantage by intra-arterial delivery, the tumour must be fully con-
tained in tissue supplied by one or more arteries that can be effectively cannulated
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and infused. The cancer must also be of a type that will respond better to concen-
trated doses of anticancer agents over a limited period of possibly up to 4 or 5 weeks
and the most appropriate agents to be used must be effective in the state in which
they are delivered. Some agents are not active in the state in which they are deliv-
ered and do not become active until changed by passage through other tissues, espe-
cially the liver. The advantages of intra-arterial delivery must also outweigh any
increased risks of regional toxicity. Effective regional delivery can be managed
safely only by experienced clinicians with appropriate specialised equipment. This
will reduce risk of mistakes that could be made by these more exacting techniques
of delivery. Similar results can be achieved using systemic chemotherapy but the
doses required will inevitably cause much greater systemic toxicity.

Induction chemotherapy by systemic delivery is most appropriate in treating
tumours without a single artery or limited arteries of supply or when the cancers are
not contained in a single body cavity. Systemic delivery is also more appropriate
when preferred agents are not activated until modified in body tissues (such as
cyclophosphamide or DTIC); when satisfactory responses can be achieved more
easily by systemic delivery; when technical skills and facilities for regional delivery
are not available; or when the patient’s general health, poor cooperation or long-
term prognosis precludes the additional complexity of regional delivery.

Intra-arterial infusion is most likely to have advantages in treating locally
advanced malignancies in regions supplied by a single or perhaps two arteries of
supply that can be safely cannulated. These include the head and neck, limbs, some
invasive stomach cancers and some breast cancers. Primary liver cancers and some
liver metastases, some cancers in the pelvis and some pancreatic malignancies may
also respond well to initial direct chemotherapy infusion. These are currently the
subject of several studies.

The more complex techniques of isolated perfusion, stop-flow infusion, closed
circuit perfusion, chemo-filtration infusion and closed circuit infusion [12-16] are
aimed at achieving even greater localised initial tissue concentrations of chemo-
therapy than simple intra-arterial infusion. These more complex techniques are
described in this book but should remain the subject of ongoing studies in highly
specialised units.

Malignancies such as melanoma, some sarcomas or pancreatic cancers usually
show a poor response to standard safe concentrations of chemotherapy delivered
either by standard systemic or intra-arterial delivery but may be made to respond
more significantly by the more complex delivery techniques that achieve tumour
exposure to more concentrated and higher dose chemotherapy for a short period.

The limitation to dose and concentration of safe chemotherapy given by systemic
administration is usually the risk of systemic side effects, especially bone marrow
suppression. However, certain conditions are necessary for intra-arterial chemo-
therapy to be justified. These include:

(a) The primary tumour must be supplied by blood vessels (usually one or two) that
can be safely cannulated so allowing the greatest potential impact of dose and
concentration of the chemotherapy to be delivered by direct infusion into the
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(b)

(c)

(d)

(e)

artery, or arteries of supply. Unless the whole tumour periphery is effectively
infused, the desired impact on the whole tumour mass will not be achieved.
Only those agents that are effective against the tumour in the state in which they
are administered can have an enhanced antitumour effect if given by regional
delivery. For example, cyclophosphamide is not in its active state until it has
passed through the liver and become activated. If infused into a peripheral
artery before it has become activated by passage through the liver, there would
be no additional benefit [17].

With some agents to treat some tumours (e.g. methotrexate used to treat some
osteosarcomas in young people), an effective and adequate tumouricidal dose
can be safely given by the more simple means of intravenous delivery. There
would be no need to deliver such dosage by a more complex intra-arterial deliv-
ery system [18].

For some cancers a much greater dose/concentration of agents, than can be
given either systemically or by intra-arterial infusion, would be needed to
achieve a significant tumour response. It is for these tumours that an even
more concentrated regional delivery system has it greatest potential.
Melanoma is an example. Melanoma is a highly chemo-resistant malignancy
even to more concentrated doses than can be given by intra-arterial infusion.
A much more highly concentrated dose of chemotherapy is usually needed to
achieve melanoma cell destruction. To achieve such chemotherapy concentra-
tion, a closed circuit perfusion or closed circuit infusion technique is required.
Closed circuit perfusion or infusion achieves protection of general body tis-
sues with a greatly increased regional chemotherapy concentration. With
closed circuit perfusion or closed circuit infusion, the time of exposure must
be limited, but the rest of the body is protected from the high concentration
and high doses of agents infused [12, 14]. Naturally, regional side effects in
infused tissues are inevitable from the more highly concentrated
chemotherapy.

Administration of regional chemotherapy requires time, effort, expense, special
skills and specialised equipment. It also usually requires prolonged hospital
inpatient stay. Although there is likely to be less systemic toxicity, there will be
more local toxicity in the region treated. A decision must be made as to whether
the patient’s likely ultimate long-term survival will justify these more compli-
cated, expensive and time-consuming procedures even if the local regional
tumour can be eradicated.

Figures 1.14 and 1.15 illustrate the different impacts on local tissue through

intra-arterial delivery.

(5]

As was first noticed many years ago, and reported by Klopp [4] and by Bierman
, there is a greater reaction in the tissues supplied with blood by an artery that had

been inadvertently injected with chemotherapy than if the same dose of the drug had
been given into a vein. The redness and reaction in this patient’s right hand

(Fi

g. 1.14) after accidental injection into the artery in the cubital fossa is greater

than in her left hand.
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Fig.1.14 The redness and reaction in this patient’s right hand after accidental injection into the
artery in the cubital fossa is greater than in her left hand

In treating a cancer on the right side of the face of the man, in Fig. 1.15, by intra-
arterial chemotherapy, the chemotherapy infused into the artery supplying blood to
the right side of his scalp caused hair loss on the right side of his head. There was
also a red reaction in the mucosa of the right side of his mouth and tongue. This
confirms that the chemotherapy was more effective in the tissues supplied by the
infused artery.

The mucosal reaction soon settles after completion of chemotherapy infusion
and hair lost in this way re-grows some weeks later unless follow-up radiotherapy is
given to the region.

1.6  Precautions in the Use of Regional Chemotherapy

Some people have used intra-arterial chemotherapy without first learning the impor-
tance of keeping a close vigil to be sure the cannula stays in the correct position and
does not stream or slip into an artery supplying blood to another tissue not contain-
ing the cancer.

The need for very close and diligent supervision otherwise mistakes will be
made is illustrated in Fig. 1.16. The damage done to normal tissues in this patient’s
thigh was because it had not been noticed that the chemotherapy had been flowing
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Fig.1.15 In treating a
cancer on the right side of
the face of this man by
intra-arterial
chemotherapy, the
chemotherapy infused into
the artery supplying blood
to the right side of his
scalp caused hair loss on
the right side of his head.
There was also a red
reaction in the mucosa of
the right side of his mouth
and tongue. This confirms
that the chemotherapy was
more effective in the
tissues supplied by the
infused artery

Fig. 1.16 Illustrates the need for very close and diligent supervision otherwise mistakes will be
made. The damage done to normal tissues in this patient’s thigh was because it had not been noticed
that the chemotherapy had been flowing into a branch of the artery into which it had previously been
placed. Without the services of well-trained and experienced nurses to constantly watch for such
errors, intra-arterial infusions of chemotherapy can cause such problems. This is an example of why
intra-arterial chemotherapy is not practised in some cancer clinics without these facilities
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into a branch of the artery into which it had previously been placed. A red blush had
appeared in the skin of this patient’s thigh but the significance of this was not under-
stood. Disulphan blue or patent blue dye injected into the infusion cannula at an
early stage would have confirmed that the cannula position needed adjustment
before serious tissue damage had occurred.

Without the services of well-trained and experienced nurses to constantly watch
for such errors, intra-arterial infusions of chemotherapy can cause such problems.
This is an example of why intra-arterial chemotherapy is not practised in some can-
cer clinics without these facilities.

1.7  Criticisms of Intra-arterial Chemotherapy: Valid
and Invalid [19]

Valid

1. It is technically more demanding to administer any form of regional chemo-
therapy as compared to systemic chemotherapy. Experienced and skilled surgi-
cal or vascular radiological staff as well as skilled and experienced nursing-staff
are mandatory, otherwise mistakes will be made. The administration and rate of
flow of agents requires constant supervision to ensure that the flow is being
delivered to the correct region and to detect any early evidence of damaging side
effects or misadventure with the infusion.

2. Selection of the most appropriate agents and combination of agents in an inte-
grated regimen and timing and rate of flow for each agent requires special knowl-
edge and experience [20].

3. Cannulation of arteries in any part of the body, particularly in arteriosclerotic or
elderly patients, carries some risk of arterial damage. Dislodgement of plaques,
thrombosis, aneurisms, bleeding and infection are all possibilities that require
constant monitoring.

4. Dislodgement of the catheter or streaming of flow into a branch artery must be
constantly and carefully monitored and corrected if necessary.

5. The total cost of treatment is increased requiring special staff and prolonged use
of inpatient hospital beds.

6. Selection of patients who best benefit from intra-arterial infusion of chemother-
apy requires experienced judgement and skill.

7. Appropriate follow-up treatment and its timing be it radiotherapy, surgery or adju-
vant chemotherapy or a combination of these require judgement and experience.

8. Randomised trials are difficult to organise due to the relative rarity of such patients’
different tumour types and different circumstances and needs for each patient.

Invalid

1. In treating a locally advanced cancer that may also have systemic lesions, for
example, breast cancer, a criticism has been made that chemotherapy needs to
circulate throughout the body. The need to circulate systemically is true of
course; however, after the first pass of concentrated chemotherapy through the
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primary lesion, the flow then does become systemic, but there has been advan-
tage in a more concentrated initial (first pass) chemotherapy impact on the pri-
mary lesion. Additional systemic chemotherapy may also be required.

. Some agents, especially Adriamycin, have been considered too toxic for regional

infusion. This is simply a matter of administering an appropriate dosage in this
more concentrated infusion.

. Critics have claimed that randomised studies have shown no advantage in admin-

istering intra-arterial chemotherapy to an advanced primary cancer. For reasons
stated above, few truly comparable randomised studies have been made, and the
majority of those that have been attempted have shown advantage in using
regional infusion as induction chemotherapy [19].

After initial scepticism, the principle of additional advantage of delivery of

induction chemotherapy by intra-arterial infusion has now been accepted in most
comprehensive cancer treatment centres. It is now practised in medical, surgical,
radiological, orthopaedic, gynaecological, urological, gastrointestinal and neuro-
logical clinics in many countries as will be described in the following chapters. As
has been recommended on previous occasions, a team approach involving a medical
oncologist, a radiation oncologist, a surgical oncologist and the appropriate system
specialist and other experienced nursing or paramedical health contributors should
improve results of treatment for people with advanced localised cancers [20, 21].
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The Principle of Dose Response
in Antineoplastic Drug Delivery

Maurie Markman

2.1 Drug Exposure During Active Cycling of Malignant Cells

It is reasonable to state that actively cycling cells (both malignant and normal cell
populations) are most vulnerable to the effects of cytotoxic chemotherapeutic agents
[1, 2]. Thus, it is not surprising that acute leukemia and high-grade lymphomas are
particularly sensitive to such agents, compared to the more slowly dividing and
cycling solid tumors (e.g., colon, lung, breast). This phenomenon also explains the
sensitivity of bone marrow elements and the mucosa of the gastrointestinal track to
these agents, compared to, for example, muscle or fat cells (Table 2.1).

2.2  Adequacy of Drug Delivery by Capillary Flow

Another important principle in this clinical arena is the essential role of blood sup-
ply in defining the impact of dose. Substantial portions of large poorly vascularized
tumor masses, or previously radiated malignant lesions, will almost certainly be
exposed to far lower drug concentrations compared to cancer receiving adequate
blood supply. Further, in the absence of adequate nutrients, malignant cell popula-
tions are less likely to be actively cycling, further decreasing their vulnerability to
cytotoxic antineoplastic drugs.

Relevant support for the importance of the adequacy of blood supply in impact-
ing outcome in malignant disease is provided by extensive retrospective experience
in women with advanced ovarian cancer [3]. These nonrandomized experiences
have documented the benefits of primary surgical resection of advanced epithelial
ovarian cancer, in patients with the smallest residual tumor volumes at the initiation
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Table 2.1 Issues influencing the relevance of dose intensity in the delivery of antineoplastic drug
therapy

1. Cell cycle specificity of the agents

2. Cell cycling times for particular types of cancer

3. Adequacy of capillary blood flow (and drug delivery) to the site(s) of the cancer

4. Presence of poorly vascularized large tumor masses

5. Relative importance of peak drug levels versus sustained concentrations (area under the
concentration versus time curve) in optimizing the therapeutic and increasing the toxic effects
of the agent

6. Relative importance of dose versus schedule of individual agents and combination regimens
in producing both therapeutic and toxic effects

7. Short-term and long-term side effects of dose-intensive regimens

8. Availability of supportive care medications to prevent or ameliorate toxicity (e.g., emesis,
bone marrow suppression) of dose-intensive therapeutic regimens

9. Potential for employing regional dose intensity (designed to minimize systemic side effects
while maximizing local drug exposure)

of primary cytotoxic chemotherapy having the greatest opportunity to achieve both
a clinically or surgically defined complete response.

Note: In the past, surgical responses were routinely documented in ovarian can-
cer at the time of a second-look surgical reassessment following the completion of
the primary chemotherapy regimen in the setting of no clinical evidence of persis-
tent cancer. This surgery is not routinely performed at the present time due to the
absence of data demonstrating the information generated at this invasive procedure
that favorably impacts outcome in the malignancy.

The essential argument is that with the removal of large (or even small) volume
macroscopic cancer, the residual tumor cells are able to be exposed to adequate
concentrations of the cytotoxic chemotherapeutic agents delivered by capillary flow
to achieve maximal clinical benefit.

2.3  Drug Delivery and Induction (“Neoadjuvant”)
Chemotherapy

More recent experiences in several tumor types, including cancers of the breast and
ovary, have suggested an alternative approach, initially employing chemotherapy to
cytoreduce a large tumor mass (induction or “neoadjuvant” chemotherapy), fol-
lowed by surgical resection of residual macroscopic lesions, with the subsequent
continuation of chemotherapy [4, 5]. In this setting, the first goal of chemotherapy
is to reduce the size of malignant masses to permit a more adequate surgical
resection.

Again, the ultimate aim of this strategy is to optimize exposure of the tumor to
effective concentrations of the antineoplastic drug therapy. Of interest, phase 3 trial
data reveal the essential equivalence in outcome associated with either primary sur-
gical cytoreduction versus the induction chemotherapy approach in large volume
epithelial ovarian cancer [6].
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24  Evaluation of the Impact of Dose Intense Cytotoxic
Chemotherapy Regimens

Investigators have attempted a variety of strategies to quantify the impact of dose
and dose intensity, in favorably influencing outcome in malignant disease. One
approach has been to consider the fotal concentration of drug delivered over a
defined unit of time (e.g., mg/m*week) as a measure of the effect of dose intensity
[7, 8]. While in some clinical settings, retrospective evaluations of nonrandomized
experiences have suggested improved outcomes associated with greater dose inten-
sity, subsequently conducted phase 3 studies have often failed to confirm the favor-
able benefits of these strategies [9, 10].

One issue associated with any analysis of a nonrandomized experience is that
patients able to receive the most dose-intensive strategies are highly likely to have
the most favorable performance status, a clinical factor well known to be indepen-
dently associated with superior outcomes.

Another issue with these measures of dose intensity is the assumption in the
mathematical calculations employed to generate the measurement that all drugs are
of equivalent efficacy and that the effect of dose intensity is identical for the several
drugs utilized in a particular regimen. In fact, there is unfortunately often little (if
any) empirical evidence to support this conclusion, potentially weakening the rele-
vance of such analyses.

2,5 High-Dose Chemotherapy

High-dose chemotherapy programs with bone marrow or peripheral progenitor cell
support have been demonstrated to play a major role in the management of hemato-
logic malignancies, including acute leukemia and both Hodgkin’s and non-
Hodgkin’s lymphomas.

Nonrandomized experiences have also suggested the favorable impact of a vari-
ety of high-dose chemotherapy regimens in several solid tumors, including cancers
of the breast and ovary. However, with the exception of germ cell malignancies,
there is currently no solid evidence for the favorable impact of high-dose chemo-
therapy regimens in the management of the solid tumors [11, 12].

Several reasons can be proposed for the inability of high-dose chemotherapy
strategies to improve outcome in this setting, including (as previously noted) the
potential inadequacy of drug delivery in the presence of large tumor masses and
(perhaps most important) the genuinely modest ability to actually intensify the dose
of systemically administered antineoplastic drugs without the development of unac-
ceptable toxicity.

In fact, most “high-dose chemotherapy” regimens have only been able to sub-
stantially increase the concentration of cytotoxic agents whose dose-limiting side
effect is bone marrow suppression (e.g., alkylating agents, etoposide, carboplatin).
Where other adverse events’ effects predominate (e.g., neuropathy, cardiac, renal
toxicity), effective dose intensification is problematic. Further, even where it is



28 M. Markman

possible to increase the dose of an administrated antineoplastic agent, this is gener-
ally limited to several fold higher concentrations, as serious side effects other than
bone marrow suppression generally appear when these modest escalations are
exceeded.

In concluding this section, it is important to note the likely explanation for the
frequent favorable reports of high-dose chemotherapy programs in nonrandomized
phase 2 trials or retrospective examinations of individual institutional experiences.
As previously noted in the setting of dose-intensive strategies not requiring bone
marrow support, the patients receiving high-dose chemotherapy regimens almost
certainly have a superior performance status and less comorbidity compared to
individuals who would not be selected to undergo such an intensive therapeutic
strategy [13].

Thus, an observed favorable outcome that may appear to result from a particular
therapeutic regimen may, in fact, have been due completely (or partially) to selec-
tion bias in the patients chosen to receive the therapeutic program. With rare excep-
tions, only data generated from well-designed randomized trials can distinguish
genuine clinical benefit from selection bias among the population of individuals
managed with a particular strategy. It is also important to note that “selection bias”
in the context of documenting the superiority of a dose-intensive therapeutic strat-
egy is appropriately considered “excellent clinical judgment” in the context of the
delivery of medical care.

2.6 Optimal Dose Delivery

The general concept of the delivery of a biologically effective concentration of an
antineoplastic agent has been highlighted in the discussion of the adequacy of blood
supply to the malignant cell population. A related concept is that of the administra-
tion of the optimal dose in a particular setting. Unfortunately, similar to the situation
with defining the necessary dose and concentration to produce a desired cytotoxic
effect, it is usually quite difficult to truly determine the optimal dose either for an
individual patient or within a population with a specific malignancy.

The optimal dose of an antineoplastic agent can be considered that dose which
results in a maximal favorable clinical effect while producing an acceptable degree
of toxicity. While one might consider the optimal dose to simply be the highest dose
that can be administered with tolerable side effects, in a limited number of settings
it has actually been shown that there is a clinically apparent plateau in the degree of
tumor cell kill achieved when an individual antineoplastic agent is delivered in a
specific setting, and higher concentrations fail to result in further tumor cell kill, but
do increase toxicity.

For example, in recurrent ovarian cancer, retrospective data reveal that when
single agent carboplatin is administered in the second-line setting, there is an
increase in the objective response rate with increasing concentrations up to a calcu-
lated carboplatin AUC (area of the concentration versus time curve) of 4 or 5 [14].
Beyond this AUC, the percentage of responding patients does not increase, but
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hematologic side effects can become severe. Unfortunately, such data regarding
individual drugs in specific cancers is uncommon. However, this experience con-
firms the potential relevance of this issue in routine disease management.

It is also important to note the complexity associated with determining the opti-
mal drug doses for individual agents in a combination chemotherapy regimen, par-
ticularly when the drugs produce overlapping toxicities. Further, by reducing the
dose of one agent, to permit the administration of a second, the degree of tumor cell
kill produced by the first agent may be decreased, potentially substantially.

2.7 Regional Chemotherapy: Dose Intensification
with Reduced Systemic Exposure

Following systemic drug administration, it can be reasonably assumed that the
extent of exposure to tumor or normal tissue will be principally determined by the
extent of blood/capillary flow to these areas and tissues. However, with regional
drug delivery (e.g., bladder, cerebrospinal fluid, peritoneal cavity, isolation perfu-
sion of arterial system of an extremity), there is the potential to increase the concen-
tration of the agent in contact with the malignant cell population within a particular
body compartment while reducing the degree of exposure to areas outside the com-
partment and potentially minimizing the risk of serious toxicity.

In several settings (e.g., intrathecal administration of methotrexate in the treat-
ment of meningeal leukemia, intraperitoneal administration of cisplatin in the treat-
ment of small volume advanced ovarian cancer, intravesical delivery of several
antineoplastic agents in the treatment of superficial bladder cancer), it has been
shown that very high local concentrations of these agents can produce favorable
clinical effects with acceptable local and systemic toxicity [15—17]. It is appropriate
to note that in each of these settings, the drug concentrations achieved within the
body compartments are far greater than could be safely attained following systemic
drug administration.
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Drug Removal Systems and Induction
Chemotherapy

James H. Muchmore

3.1 Introduction

Since the advent of cancer chemotherapy in the early 1940s [1-3], multiple drugs,
devices, and techniques have been developed for treating advanced solid cancers.
The endeavor has been to enhance drug delivery and at the same time to control both
local/regional and systemic toxicity. Drug toxicity, the dose-limiting factor for most
chemotherapeutic agents, has not been the only impediment to better tumor response
rates and patient outcomes. However, drug delivery to the tumor cell within its
tumor microenvironment remains one of the more significant factors preventing the
complete response of an advanced malignancy.

Advanced hepatic, pancreatic, and pelvic malignancies would be the principal
application of induction intra-arterial (IA) chemotherapy plus rapid drug recapture.
Only 4 % of those patients with metastatic colorectal cancer to the liver ever achieve
a complete response (CR) following preoperative chemotherapy [4]. However, this
small cohort of patients can realize a remarkably improved, long-term survival.
Similarly, patients with hepatocellular cancer undergoing complete response with
regional chemotherapy achieve long-term survival [5]. Improving the CR rate of
intra-abdominal hepatic, pancreatic, and pelvic tumors with induction therapy
would also be the primary goal of this treatment strategy.

Regional chemotherapy techniques were developed in the 1950s, and these pro-
cedures significantly improved local/regional tumor response [6, 7]. Induction che-
motherapy for head and neck cancer and hepatic metastatic disease was pioneered
by Sullivan et al. of the Lahey Clinic Foundation [8, 9]. His work was important in
establishing early treatment regimens using IA antimetabolites for regional cancer
treatment [10].
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Complete responses then became possible for some head and neck cancers, but
most were not complete or durable [11-13]. Also, complete responses for many
tumors, that is, melanoma, soft tissue sarcoma, pancreatic cancer, and metastatic
colon cancer to the liver, were uncommon, and systemic toxicity remained a persis-
tent dose-limiting factor.

Isolated regional perfusion also developed in the 1950s became the model for
induction chemotherapy and resolved some of the drug delivery and toxicity problems
[14, 15]. Regional perfusion increases the delivered drug dose to a tumor-bearing
region six to ten times over that of systemic chemotherapy [16]. Complete responses
were observed for some cases of head and neck cancer, limb melanoma, and sarcoma.
Thus, when induction chemotherapy was combined with surgical resection, improved
patient survival was then attainable [12, 16—19]. However, the regional perfusion tech-
nique requires 4-5 h of operating room time, but in the current era of healthcare cost
containment, it remains too expensive for most healthcare systems.

Regional chemotherapy combined with rapid drug retrieval is a less complex
regional chemotherapy technique [20-22]. It requires less treatment time and is more
cost-effective. Plus this technique can easily be repeated. Drug delivery modeling
can be accomplished so as to deliver a truly cytotoxic level of agent to the tumor cell
while limiting systemic toxicity by rapidly removing the excess, circulating drug.

There are three principal drug recapture systems — hemodialysis, hemoperfusion,
and hemofiltration — that can be used in conjunction with regional chemotherapy.
These newer techniques using drug removal systems demonstrate that the combina-
tion of induction regional therapies plus surgery can be beneficial in promoting
improved patient outcomes [23].

3.2 Regional Therapy Techniques plus Extracorporeal Drug
Removal Systems

The drug dose delivered by IA chemotherapy is usually increased two- to fourfold
over that of the systemic dose. In 1974, Eckman et al. put together a model describ-
ing the potential drug advantage derived from an IA infusion. This regional advan-
tage from IA drug delivery versus systemic chemotherapy is equated to the integral
equation of concentration multiplied by time (C x T). The regional advantage, Ry, is
then defined as the area under the drug concentration-time curve (AUC) that remains
dependent on (1) the drug delivery rate, (2) the regional blood flow, and (3) the total
body clearance, Clyg [24]. Thus, in the tumor-bearing region that metabolizes and
clears the infused drug, that is, the liver, the therapeutic advantage is escalated pro-
portionally to the regional drug clearance. The R, also depends on the fraction of
drug, E, extracted during a single pass through the target tissue:

R, =Cl, /Q(1-E)+1

However, for the region that is not able to clear the infused agent, the R, remains a
function of the regional blood flow (Q;) and mostly the total body clearance, Clyg.

R, =Cl, /0 +1



3 Drug Removal Systems and Induction Chemotherapy 33

Regional TA chemotherapy plus extracorporeal hemoperfusion or hemofiltra-
tion is a strategy devised to expedite the total body drug clearance, Clyg,
allowing the escalation of the regional drug dose. Oldfield and Dedrick et al.
in the 1980s first proposed this technique to treat primary brain tumors
[20, 25].

Since the earliest report by Hande et al. in the 1970s on employing hemodialysis
to rescue patients from the toxicity of chemotherapy, other techniques of extracor-
poreal drug recapture have replaced hemodialysis [26, 27].

Schreiner and Winchester et al. both from Georgetown University sepa-
rately reported studies in the 1970s and 1980s on the extracorporeal removal
of plant toxins and anticancer agents comparing hemodialysis with charcoal
and resin hemoperfusion [28, 29]. Early on, hemoperfusion was recognized as
being much more efficient at rapidly recapturing plant toxins and anticancer
agents [27].

A variety of problems have confronted these techniques of extracorporeal drug
recapture. Initially, problems with coagulopathy and platelet destruction by char-
coal hemoperfusion devices restricted the use of these devices [27, 28]. However,
the problem with platelet consumption was solved by using drug-specific, adsorbent
resins or coated charcoal hemoperfusion devices having improved biocompatibility
[27-29].

Drug availability for recapture and drug protein binding are the two remaining
limiting factors in utilizing drug removal techniques for chemotherapeutic agents.
Only those drugs that remain in the central vascular-plasma compartment can be
readily removed using hemodialysis, hemoperfusion, or hemofiltration. However,
with lapsed time, drugs will diffuse into various diverse tissue compartments where
their release and retrieval from these compartments then depend on multiple factors
[26, 28]. Also, red blood cell and protein binding limit the proficiency of drug
removal devices to clear a particular drug.

Thus, only those chemotherapeutic agents which have a limited volume of distri-
bution, single compartment kinetics, low endogenous clearance (<4 mL/min/kg),
molecular weight <500 Da, soluble in aqueous solutions, and not tightly protein
bound can be recaptured from the central vascular compartment. Unfortunately, this
leaves only a very limited group of drugs which would be amenable to enhanced
elimination using hemodialysis.

Regional drug removal versus systemic drug recapture addresses some of the
shortcomings of enhanced elimination by hemodialysis. With catheters placed
within the venous effluent of a tumor-bearing region, a significantly greater percent-
age of drugs can be retrieved. Thus, regionally confined malignancies, that is,
hepatic tumors, pancreatic tumors, primary brain tumors, pelvic tumors, and limb
malignancies, permit the use of IA chemotherapy plus hemoperfusion or
hemofiltration.

Tumor volume versus tissue volume is another aspect of the drug, tissue dis-
tribution problem as seen with targeting a small tumor within a large region, that
is, pelvic and limb tumors. Large tissue volumes would also limit the capability
of the various drug removal systems in adequately detoxifying the venous
effluent.



34 J.H. Muchmore

3.3 Drug Removal Devices

Hemodialysis filters and hemofiltration filters are relatively similar in construction,
but are considerably different in the manner by which they remove toxins or drugs
from the blood. With an extracorporeal, hollow tube hemodialyzer, blood is pumped
along one side of a semipermeable membrane, and the opposite side has a counter-
current with a crystalloid solution. Hollow fiber dialyzers are composed of different
synthetic membrane materials. These materials are used to vary the type of solute to
be moved across a semipermeable membrane [30, 31].

Also, where the concentration of a substance to be extracted is zero in the dialysate,
it can be removed from the central plasma compartment only up to the point where the
drug concentration becomes equivalent on both sides of the membrane [27, 30]. Also,
hemodialysis is a technique that excludes drugs which are of higher molecular weight,
tightly protein bound, and distributed throughout multiple tissue compartments.

Hemofiltration functions in a different way than that of hemodialysis. In essence,
blood under pressure flows down one side of highly permeable membrane permitting,
by convection, water, and substances with a molecule weight up to 20,000 Da, to cross
the membrane and be collected as an ultrafiltrate. A roller pump generates a constant
blood flow creating a transmembrane pressure gradient for ultrafiltration. A post-hemo-
filter replacement solution is then used to replace the ultrafiltrate and thus reconstitute
the blood [30, 32]. In hemofiltration, drug recapture depends on the rate of ultrafiltra-
tion, drug protein binding, and the sieving coefficient of the membrane [32, 33].

High volume hemofiltration with fluid exchange rates greater than 3 L/h is per-
formed using a larger 1.2 m? hollow tube filter for rapid recapture of regionally infused
chemotherapeutic agents [33, 34]. However, with high volume ultrafiltration, the
replacement fluid should be added before the hemofilter to prevent clotting. A combi-
nation of predilution and postdilution fluid replacement can be used. Also, certain
drugs require the use of parallel filters to avoid having the drug clog the filter.

Hemoperfusion is a third type of extracorporeal drug removal. The blood is directed
through an extracorporeal circuit containing multiple sorbant-containing capsules
arranged in parallel [33, 35]. Coated charcoal hemoperfusion capsules are utilized in
most of the larger studies using hepatic arterial infusion with extracorporeal drug recap-
ture [36-39]. Also, other resin exchange capsules have been developed for the more
lipid soluble drugs. However, the advantage of hemoperfusion is that it can recapture
drugs against a transmembrane gradient, whereas hemodialysis and hemofiltration are
only efficient in recapturing the peak drug dose. The only disadvantage of this technique
is the hemoperfusion capsule often becomes quickly saturated with drug. This problem,
however, is easily overcome by using multiple capsules arranged in parallel.

3.4 Intra-arterial Infusion plus Hemoperfusion

This technique was first purposed as an adjunct to regional chemotherapy, and it
remains the most applicable in recapturing regionally delivered cytotoxic agents
[36, 37]. Like isolated regional perfusion, this technique is most applicable when
used as induction chemotherapy to be followed by a surgical resection [23].
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Fig. 3.1 The flow diagram for the Delcath Catheter System (Delcath, Inc., New York, NY). Intra-
arterial chemotherapy is injected into the hepatic artery through a percutaneous placed catheter.
The hepatic venous effluent is collected via a double lumen catheter positioned in the retrohepatic
vena cava. The drug is recaptured from the venous effluent by means of two activated charcoal
hemoperfusion capsules

Currently, the most developed drug removal system in the USA is the Yale
University School of Medicine or Delcath Catheter System (Delcath Inc., NYC,
NY). It is an intra-arterial infusion technique combined with rapid drug recapture of
the hepatic venous effluent using percutaneous placed catheters (Fig. 3.1) [23, 38,
39]. Also, Ku et al. in Japan have developed a similar percutaneous isolated liver
chemoperfusion (PILP) technique for treating advanced hepatic malignancies [5,
40]. Likewise, recent reports from the Japanese literature confirm the efficacy and
advantages of utilizing PILP alone or in combination with a hepatic resection to
achieve a complete response and an improved, long-term outcome [41, 42].

Hemoperfusion devices are better than hemodialysis or hemofiltration in recap-
turing drugs against a transmembrane gradient. Hemoperfusion filter extraction per-
centages of drug recaptured range from 77 % to 96 % [36, 37]. Thus, the reduction
in systemic drug exposure allows the regional drug dose to be escalated approxi-
mately up to ten times the systemic drug dose [25, 36, 37].

Several larger studies have been published on the use of hepatic intra-arterial
chemotherapy plus charcoal hemoperfusion. A recent review of this technique has
established the effectiveness of regional therapy plus hemoperfusion in improving
local control of hepatic metastases [5, 23, 39, 40, 42]. The Yale University School
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of Medicine studies using hepatic IA 5-FU and doxorubicin and a double balloon
hepatic catheter positioned in the retrohepatic vena cava showed that this system
recaptured 64-91 % of the infused drugs. Thus, with venous hemoperfusion, the
drug dose escalation of both 5-FU and doxorubicin could be increased two- to six-
fold [38].

A similar study utilized high-dose melphalan (3 mg/kg) to treat a variety of unre-
sectable, metastatic hepatic cancers. However, even though IA dose of melphalan
was tenfold greater than a possible systemic dose, the tumor responses were less
than that compared to melphalan used in a regional limb perfusion system [39, 43—
45]. Other studies using regional IA melphalan plus chemoperfusion for liver
metastases from melanoma produced only partial response at best [46]. A recent
European multiple center study has evaluated the effectiveness of hepatic, regional
melphalan plus hemoperfusion in controlling liver metastases derived from a vari-
ety of primary malignancies [47].

The studies of Ku et al. in treating hepatocellular carcinoma using doxorubicin
(60-150 mg/m?) produced a significant number of complete responses. A long-term
survival of 39.7 % at 5 years was achieved for this group of patients [5, 39]. Eight
of 13 patients had undergone repeat treatments [2—4], and of the 28 patients in the
study, it was those having repeat treatments who experienced the improved survival.
Current studies by this group from Kobe University, Department of Surgery, con-
tinue to show improved hepatic responses and outcomes using preoperative PILP
followed by hepatic resection [42, 48, 49].

In both the US and Japanese systems, the drug extraction rates for the charcoal
hemoperfusion capsules were 85-96 %, and the mean drug clearance fraction was
approximately 30 % [5, 38]. Thus, using IA chemotherapy plus venous hemoperfusion,
the regional advantage, R, is then related to the fraction of drug eliminated, E,, on the
first pass through the tumor-bearing region; the fraction cleared by the liver, Ej; plus,
predominantly, the fraction of drug cleared through the hemoperfusion device, Ej,:

R, =Cly, /Q[1-(E, +E +E,)]+1

Thus, using venous hemoperfusion, the regional drug dose can be escalated up to
tenfold over that of the systemically delivered drug dose. Notably, this increase in
regional delivered drug dose is similar to that used in regional limb perfusion and
infusion systems [43-45]. However, unlike the isolated regional perfusion system,
this technique lacks the additive effects of hyperthermia and hyperoxygenation
which act to modify the tumor microcirculation and further improve drug delivery.

3.5 Intra-arterial Infusion plus Venous Filtration

Intra-arterial chemotherapy plus hemofiltration was first described by Aigner et al.
to modify the pharmacokinetics of a regionally delivered drug dose [21]. Since then
several studies of liver, pancreas, and pelvic malignancies treated by regional che-
motherapy plus hemofiltration have been published [22, 50-53].
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Hemofiltration is most effective in recapturing the peak dose, C,,,.s, of an anti-
neoplastic agent, when a steep, drug gradient exists across the filter’s semiperme-
able membrane. However, since hemofiltration clears only the peak dose, this
technique recaptures only 20-25 % of the total drug dose [50, 51].

Using IA chemotherapy plus venous filtration, the regional advantage, R, is then
related to the fraction of drug eliminated, E,, on the first pass through the tumor-
bearing region; the fraction cleared by the liver, E;; plus, primarily, the fraction of
drug cleared through the hemofiltration system, E; [50, 51]:

R, =Cly, /Q[1-(E +E, +E,)]+1

Thus, the regional drug dose can be escalated only approximately three to five times
over that of the systemically delivered drug dose. The total drug dose infused, how-
ever, is still limited to being only twofold greater than the normal total systemic
dose.

As an approach similar to that of Dedrick et al. [20], IA chemotherapy plus
hemofiltration was collaboratively modified by Aigner et al. [21] and Muchmore
et al. [22] for the treatment of liver metastases, pancreatic cancer, and advanced
intra-abdominal malignancies (Fig. 3.2a, b).

For Stage III unresectable pancreatic cancer, response rates over 50 % and a
resectability rate of 25 % were achieved using regional IA chemotherapy plus
hemofiltration [50]. Aigner and Gailhofer, also, reported a 27 % complete response
rate in a group of patients with Stage III unresectable pancreatic cancer using IA
chemotherapy with starch microspheres plus hemofiltration [52].

Of the patients with advanced intra-abdominal malignancies, there were 17 in
the Tulane series with advanced or recurrent colorectal cancer. Six had liver metas-
tases only and 11 had liver plus peritoneal or pelvic disease [22, 53, unpublished
data]. Only one of these patients with metastatic pelvic colorectal cancer achieved
long-term survival [22]. This patient had regional IA chemotherapy plus hemofiltra-
tion which was then followed by a curative resection. Another patient with perito-
neal plus pelvic disease achieved a clinical CR following regional chemotherapy
plus hemofiltration and then had a curative resection of his residual disease. The six
patients with only liver metastases achieved at best a partial response.

Consequently, the limited improvement in overall survival was essentially only
seen in those patients where IA chemotherapy plus hemofiltration was used as
induction therapy followed by surgical resection.

3.6 Treating Tumor Microenvironment Using Regional
Therapies

The principal target of high-dose regional chemotherapy is the manipulation of the
tumor microenvironment, thus enhancing drug delivery to the tumor cell [54, 55].
Regional high-dose chemotherapy can be designed to overcome the multiple peritu-
moral drug barriers created by the abnormal tumor neovascularity as described by
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Jain and Vaupal. This microenvironment surrounding a tumor nodule thus generates
a significant impediment to both systemic and regional cytotoxic drug delivery [56—
62]. A similar argument applies to the delivery of all agents, both chemotherapeutic
and the newer targeted agents.

The tumor microenvironment effects drug delivery in several ways. The normal
blood flow through tissues can be shunted away from the tumor nodule. Tumor
neovasularity produces a local capillary leak creating an increased interstitial pres-
sure within the tumor nodule. Then collapse of blood vessels within the central
tumor neovasculature results in shunting of the tumor blood flow. Another aspect of
blood flow shunting is activation of the inflammatory response causing an over-
growth of fibroblasts resulting in a significant desmoplastic reaction [62]. In pancre-
atic cancer, this desmoplastic reaction reduces the blood flow through the tumor to
half that of the normal, surrounding tissue blood flow [50].

Peritumor edema evolves because 4.5-10.2 % of the perfusing plasma volume of a
tumor nodule leaks out into the surrounding tumor interstitium [63]. An elevated inter-
stitial pressure from the peritumoral edema proceeds to then collapse the central tumor
neovasculature. Thus within the tumor nodule, there is a central hypoxic and hypovas-
cular zone. Increasing the regional drug dose often then allows an improved delivery of
a cytotoxic level of chemotherapy. Mild hyperthermia potentiates the cytotoxic effect
of several chemotherapeutic agents plus increasing regional and local blood flow.

However, the locoregional hypoxia within the tumor microenvironment repre-
sents the single most important impediment for cytotoxic drug delivery to a malig-
nancy [61]. Tumor cells residing within the edema surrounding a tumor nodule exist
and survive in a hypoxic state. These tumor cells remain highly resistant to chemo-
therapy resultant from decreased drug delivery, upregulation of drug efflux enzyme
systems, and decreased intracellular oxygen tension. Like in regional perfusion sys-
tems, regional IA chemotherapy plus hemoperfusion can be designed to overcome
most or all of these obstacles to cytotoxic drugs, or newer targeted therapies.

High-dose regional chemotherapy is more effective in driving cytotoxic drugs
into hypoxic tumor regions, normally not amenable to systemic chemotherapy.
Alkylating agents are drugs which are principally concentration dependent for their
cytotoxic effect and thus are most fitting for use in regional therapies. Alkylating

<
<

Fig.3.2 (a) The flow diagram for high-dose intra-arterial peritoneal chemotherapy with concomi-
tant hemofiltration. After establishing a balanced hemofiltration with a flow rate of 450-500 cc/
min and an ultrafiltration rate of 120—150 cc/min, IA chemotherapy is infused through an aortic
catheter using a constant infusion pump over 30-35 min. The hemofiltration is continued for 1 h.
(b) The flow diagram for pancreatic regional chemotherapy in combination with hemofiltration. A
balanced hemofiltration is established with a flow rate of 400 mL/min and an ultrafiltration rate of
150 mL/min. The hemofiltration is continued for up to 70 min. The pancreatic intra-arterial che-
motherapy is infused by means of a celiac axis arterial catheter or an aortic catheter over the first
30—40 min of the procedure
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agents tend to interact rapidly with the DNA and are non-cell-cycle dependent. Their
interaction with tumor cells in culture is often potentiated by hyperthermia [66, 67].
Hyperthermia can also have a direct effect on the tumor microcirculation worsening
the hypoxia of the tumor, thus increasing the drug cytotoxic effect [67, 68].

Antibiotic chemotherapeutic agents, anthracyclines, and anthracenes are also
largely concentration-dependent cytocidal drugs having some time dependence
[69]. Thus, theoretically, improved tumor cytotoxicity can be best achieved by sig-
nificantly escalating the regional drug, peak concentration, as opposed to augment-
ing the exposure time to a chemotherapeutic agent [69].

Finally, regional chemotherapy plus rapid drug recapture can ideally be limited
to a small number of preoperative treatments before a definitive curative surgical
procedure. Currently, the better long-term outcomes are now seen when regional
therapies plus curative surgery is then followed by adjuvant chemotherapy.

3.7 Summary

Drug removal systems in combination with regional chemotherapy can be a useful
technique when applied as induction chemotherapy in treating advanced solid tumors.
This treatment strategy would be most applicable for patients with metastatic colorec-
tal cancer to the liver or unresectable hepatocellular cancer. Also, patients with
advanced pancreatic and pelvic malignancies would be amenable to this strategy.

Improving the complete response rate of liver metastases or primary hepatic dis-
ease with induction chemotherapy IA plus hemoperfusion would have a significant
impact on survival of these patients, especially when combined with a curative
operative procedure. More recent data suggests that when regional therapies were
used in the neoadjuvant setting prior to hepatic resection produced better long-term
outcomes [23, 49, 64].

Presently, data in the literature shows that tumor cell resistance mainly resides
with the intracellular mechanisms that cause the tumor nodule to be less prone to
cytotoxic therapy. However, tumor cells residing within the hypoxic zones would be
protected from systemic and even regional chemotherapy. Thus, hypoxia remains
one of the principal driving forces generating tumor cell drug resistance. Also,
hypoxia acts to drive tumor cells to more malignant phenotypes and to increase their
mutation rate to more drug-resistant cell lines [60, 61, 63, 65].
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Cryotherapy

Miriam R. Habib and David L. Morris

4.1 The Evolution of Cryotherapy

Some say the world will end in fire,
Some say in ice.

From what I've tasted of desire

I hold with those who favor fire.
But if it had to perish twice,

I think I know enough of hate

To say that for destruction ice

Is also great

And would suffice. [1]

Cryotherapy refers to the application of freezing temperatures to tissues in order to
induce cellular necrosis. Its oncological use was first described in 1851 by the physi-
cian, James Arnott, who used a mixture of ice and saline to treat advanced breast and
cervical cancers [2]. Though not curative, he did achieve a reduction in tumour size and
associated symptomatic relief. Such techniques, however, were only suitable for super-
ficial lesions and progress with this modality remained slow until the 1960s. A collabo-
ration at this time between Irving Cooper, a neurosurgeon, and Arnold Lee, an engineer,
led to the development of a closed-circuit cryogenic system that could deliver liquid
nitrogen to a trochar probe to access deeper lesions [3]. This became the prototype for
modern-day cryosurgical apparatus and sparked a renewed interest in the technique.

The 1960s and 1970s saw cryotherapy experimentally utilised in the treatment of
benign and malignant prostatic disease [4, 5]. Initial enthusiasm however gave way
to concerns about the high complication rate as surgical techniques improved. The
development of real-time operative ultrasound technology in the 1980s heralded an
important milestone [6, 7]. The ability to visualise the target lesion before treatment
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and to monitor the cryolesion during treatment offered a clear advantage over earlier
techniques where accuracy of probe placement had been problematic. Gilbert et al.
showed excellent correlation between the images seen on ultrasound and the extent
of the cryolesion on pathological examination [8]. A further refinement was the use
of a urethral warming catheter to prevent cold-mediated urethral injury and stricture
[6]. As a result of these developments, cryotherapy has recently become a useful
alternative or adjunct to surgical resection for hepatic and prostatic malignancies.

Much of the bulky, early apparatus has now been replaced with smaller devices.
These smaller probes use an argon-helium gas combination rather than liquid nitro-
gen and have been especially favoured for ablation of the prostate, where distances
between adjacent viscera are small [9].

4.2  Principles of Cryobiology

The relationship between cooling and cell death is not entirely straightforward. Early in
the investigation of cryobiology, Hauschka et al. demonstrated the ability of both normal
and neoplastic cells to survive suspension at —78 °C after rewarming [10]. It has since
been held that the rate of cooling is the important factor, rather than the absolute tem-
perature reached [11, 12]. When cells are cooled slowly to between —20 and —40 °C,
extracellular ice crystals form, creating a hyperosmolar environment. Cells lose water
and become dehydrated but may yet survive this insult. Conversely, with rapid cooling,
intracellular water freezes before it is able to escape into the extracellular environment.

The next stage of cryonecrosis is the thaw cycle. Upon slow thawing, intracel-
lular ice crystals fuse and expand, resulting in disruption of the cell membrane.
Gage and colleagues found the optimal cycle to guarantee cell death to be a rapid
freeze followed by a slow thaw [13]. Furthermore, they showed that repetition of the
freeze-thaw cycle resulted in maximal cell death.

As well as direct cell damage, microcirculatory injury contributes to the overall
tissue response to freezing [14]. Major blood vessels, though, sustain only transient
and minor cryoinjury remaining as patent conduits: an important consideration in
the approach to highly vascular organs such as the liver and kidney [15].

A third possible response to tissue cryonecrosis is a systemic immune reaction
[16, 17]. Although such a response has been postulated, the extent and significance
remain elusive. Sporadic reports from early clinical studies described regression of
metastatic lesions after cryotherapy of the prostate [18, 19]. Further studies may
shed light on this phenomenon and reveal whether this effect may be manipulated
to enhance the local effects of cold damage.

4.3 Indications and Technique

The dermatological application of liquid nitrogen to superficial lesions is a well-
established practice, and complications arising from such procedures are usually
localised and self-limiting. The treatment of deep tissue lesions with cryotherapy
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has evolved so that it may now be applied to defined patient groups. However, with
the rapid development of alternative techniques, the choice of ablative modality is
becoming increasingly complex.

Surgical resection is still the gold standard therapy for many cancers. Patients
necessarily precluded from this group may benefit from a local ablative strategy
with curative intent. In our use of cryotherapy for liver tumours, we consider the
following groups of patients eligible:

» Patients with multiple bilobar metastases

* Cirrhotic patients with limited hepatic reserve in whom preservation of liver
parenchyma is desirable

* Patients with inadequate margins or residual tumour after surgical resection

» Selected patients with local recurrence after previous surgical resection

Workup prior to the procedure includes blood chemistry, tests of liver function,
full blood count and coagulation profile. Patients must undergo computed tomogra-
phy scanning of the chest, abdomen and pelvis as well as bone scan to exclude
extrahepatic disease. It must be remembered that hepatic cryotherapy still largely
necessitates laparotomy and bears significant risk; adequate preoperative workup
and anaesthetic support is therefore paramount.

Entry to the abdomen is gained through routine rooftop incision, and the extent
of disease is confirmed by palpation and operative ultrasound. The liver is then
mobilised to optimise access and probe placement. The cryoprobe is placed into the
lesion under ultrasound guidance, and iceball formation monitored until a 1 cm
margin has been achieved around the lesion. Clamping of the hepatic inflow vessels
may be performed to enhance the freezing effect (Fig. 4.1a, b).

The lesion is then allowed to thaw for 1 cm, and the freeze-thaw cycle is repeated.

During the freeze, the edge of the cryolesion is seen on ultrasound as an expand-
ing hyperechoic rim. Upon thawing, this rim recedes leaving a hypoechoic lesion.
At termination of the procedure, warm nitrogen gas is circulated through the probe

Fig.4.1 Hepatic cryotherapy. (a) Cryoprobes are placed and supported throughout ablation. (b)
The superficial lesion is seen as an expanding iceball
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to allow detachment from liver parenchyma. The probe track is plugged with gel-
foam and haemostasis is secured. The cryoprobe may also be used to freeze resec-
tion margins after surgical resection where there is concern that adequate tumour
clearance has not been obtained. Following cryotherapy, a catheter may be placed in
the hepatic artery for delivery of locoregional chemotherapy.

4.4 Complications

Cryotherapy is generally a well-tolerated procedure. Serum chemistry, liver func-
tion tests and blood count are monitored after surgery. Complications may be local
or generalised and include the following:

4.4.1 Local

» Bleeding: cracking of the ice ball can cause considerable blood loss. In the liver,
this may be controlled with the use of liver sutures and abdominal packs.

* Coagulopathy: platelet consumption after hepatic cryotherapy can produce
thrombocytopenia, though this is usually self-limiting.

* Local sepsis: abscess formation or fistula into adjacent organs may occur. Due
caution should be taken in the vicinity of the extrahepatic bile ducts, urethra and
rectum.

* Impotence, urinary incontinence and urethral stricture are risks following pros-
tatic cryotherapy.

442 Systemic

* Hypothermia: systemic temperature changes depend upon the duration of freeze
time and surgery. Given that electrolyte imbalance and disturbances of cardiac
conduction are a risk, the risks of hypothermia must be especially minimised
through the routine use of warming devices [20, 21].

» Electrolyte disturbance: release of potassium from lysed cells may result in
hyperkalaemia and cardiac arrhythmyia, especially in the presence of
hypothermia.

* Renal dysfunction: the patient must be kept well hydrated intra- and postopera-
tively, with attention given to maintenance of fluid balance, blood pressure and
good urine output.

* Cryoshock: cryoshock is an infrequent, cytokine-mediated complication charac-
terised by disseminated intravascular coagulation and multiorgan failure. The
risk of death is high. The phenomenon was reported to occur in 0.04 % of patients
after prostatic cryotherapy and in 1 % after hepatic cryotherapy, though it was
responsible for 18.2 % of the deaths from hepatic cryotherapy. Treatment is sup-
portive [22].
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4,5 Results of Hepatic Cryotherapy

The approach to malignancies of the liver is frequently multimodal, and there are no
randomised controlled trials comparing cryotherapy to alternative or to no treatment
for either primary or secondary liver cancers. In 2000, Bilchik and colleagues com-
pared radiofrequency ablation (RFA) with cryotherapy, either alone or in combina-
tion and with or without surgical resection [23]. They concluded that RFA resulted
in fewer complications but that cryotherapy was more effective for lesions greater
than 3 cm in diameter. Combining RFA with cryotherapy reduced cryotherapy-
associated complications.

In 2003, Yan and colleagues from our unit performed a retrospective analysis of
146 patients treated for colorectal metastases [24]. They reported a 5-year survival
of 19 % using cryotherapy with or without surgery. Morbidity was 27.9 % and
included one death from myocardial infarction, as well bleeding and septic compli-
cations. More recently, Ruers et al. compared local ablation using RFA or cryo-
therapy with systemic chemotherapy for unresectable tumours [25]. Although there
was no significant survival difference between the two groups (5-year overall sur-
vival 27 % and 15 %, respectively), the local ablation group had an improved qual-
ity of life. An increasing number of lesions and diameter greater than 4 cm might
adversely affect outcome [26]. It is also known that the procedural complication rate
is directly related to the volume of tissue frozen [27].

The gold standard treatment for liver metastases is surgical resection, and this
achieves 5-year overall survival rates of between 37 % and 58 % [28]. However, of
patients with hepatic colorectal metastases, only 10-20 % will be eligible for cura-
tive surgery. An important role therefore exists for single or combined therapies to
treat patients with inoperable disease, and the aim should be to cure. We have shown
that cryotherapy of the resection edge in patients with suboptimal margins can
achieve similar outcomes to those with macroscopically clear margins (28 % and
40 % 5-year survival, respectively) [29]. It is unclear which combination of treat-
ments is most effective, and this will no doubt be the subject of future clinical
studies.

4.6 The Future

As new technologies are refined and chemotherapeutic options improve, the pro-
portion of tumours deemed untreatable is declining. The ability to downstage
tumours with induction (neoadjuvant) chemotherapy, rendering previously
untreatable cancers curable, places even more importance on improving local
ablative techniques.

Alternatives to cryotherapy include RFA, laser, microwave and high intensity
focused ultrasound (HIFU). Given the dearth of evidence in favour of a particular
modality, the choice often depends upon the experience of each centre. More trials
comparing the efficacy of various energy forms are emerging, as are the varieties of
probes and approaches that may be taken.
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Limitations of cryotherapy include difficulties using large probes. This necessi-
tates open operation with its associated risks. Even when using smaller probes
through a laparoscopic approach, the nature of the ablation risks substantial blood
loss through cracking of liver parenchyma. The risk of cryoshock is ever-present, and
there is no analogue to this phenomenon with heated ablation devices. Furthermore,
there are added costs and logistics of operating theatre time, compared with heated
ablation that is frequently performed percutaneously under radiological guidance.

These costs might be partially offset by the ability to resterilise the cryotherapy
probes. We have also mentioned the as-yet unconfirmed immunomodulatory effects
of cryotherapy. Other factors may come into play in weighing the benefits of cryo-
therapy over the alternatives. One animal study found cryotherapy to be the least
frequently associated with subsequent peritoneal carcinomatosis when compared
with RFA and microwave [30], whereas yet another found that cryotherapy trig-
gered the strongest inflammatory response out of RFA or hepatectomy [31].

There is a push towards minimally invasive ablative techniques, and this has
been supported by the availability of laparoscopic ultrasound and argon coagula-
tion. Gaseous rather than liquid coolant may be delivered using smaller apparatus
and probes. As ablation becomes more finely tuned, the complication rate may also
be reduced.

The potentially immunomodulating effects of cryotherapy are yet to be defined.
If such an effect is present, chemotherapy might be used to manipulate and create an
additive beneficial effect to local tumour destruction. Clearly, further work is needed
to improve our understanding of certain aspects of this therapy, as are comparative
studies and further refinements in the practicalities of cryosurgical ablation.
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Local and Regional Hyperthermia

Miriam R. Habib and David L. Morris

5.1 Historical Background

Those diseases which medicines do not cure, iron cures; those which iron cannot cure, fire
cures; and those which fire cannot cure, are to be reckoned wholly incurable. [1]

The earliest documented case of cancer originates from ancient Egypt. The
Edwin Smith Papyrus describes several cases of breast tumour that were treated
with cautery using a ‘fire drill’. More than three millennia on, we have gained some
understanding of the cellular mechanisms responsible but are still striving to opti-
mise the ways in which hyperthermia is used in cancer.

In 1779, de Kizowitz reported the effects of fever from malaria infection on
malignant tumours. Busch added his observations in 1866 after witnessing regres-
sion of a sarcoma of the face following high fevers in a patient with erysipelas. He
later confirmed this finding by inoculating a patient with sarcoma of the neck with
erysipelas, noting transient improvement after the febrile illness. At the end of the
nineteenth century, another physician William Coley again induced hyperthermia in
cancer patients [2]. Following the injection of Streptococcus, he saw a variable
tumour response that he initially attributed to differences in tumour biology. Soon
after, however, he noted that there was a direct correlation between severity of infec-
tion and degree of tumour regression.

Experimentation with local hyperthermia began at the turn of the twentieth cen-
tury. Byrne used galvanocautery in patients with carcinoma of the cervix and uterus
and reported good responses, reduced recurrence and effective palliation [3]. He
also observed that cancer cells were more sensitive to heat than normal tissues.
Percy supported these findings and commented on the importance of sustained heat
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to ensure adequate distribution through diseased tissues [4]. Hot water immersion
was another technique used to achieve either local hyperthermia of the extremities
or whole-body hyperthermia for disseminated disease.

In 1967, Cavaliere and colleagues reported results from isolated limb perfusion
(ILP) in 22 patients [5]. The limbs were perfused for several hours with blood
warmed through a heat exchanger, and temperature probes placed within the tumour
ensured that the temperature remained above 40 °C. Though there was limited
short-term regression in some patients, the complication rate was high and included
six deaths and three early amputations.

It has since been felt that hyperthermia as a solitary treatment for cancer is
technically challenging and often results in only a transient improvement at the
expense of high morbidity and mortality. These studies have however demon-
strated that cancer cells are preferentially sensitive to heat, and hyperthermia is
now being used in combination with chemotherapy and radiotherapy to target
malignant disease.

5.2 Biological Rationale

The cellular and tissue basis for hyperthermic injury has been well studied since the
early 1900s and may be summarised as follows:

* Both normal and malignant cells are heat sensitive during the S phase of the cell
cycle. Nucleic acid production is reduced and mitosis is arrested. This effect is
only transient and proliferation may resume if cells are kept under good growth
conditions [6].

* Depression of aerobic metabolism appears to occur preferentially in malignant
cells.

e There is increased lysosomal enzyme activity in malignant cells.

* Cellular destruction is enhanced under conditions of hypoxia, poor nutrition and
low pH. These conditions may already prevail within the chaotic architecture of
a malignant tumour. With the application of heat, microcirculatory changes
resulting in stasis of blood flow may occur, further promoting this adverse envi-
ronment [7].

The optimal temperature to achieve tumour destruction is thought to be between
41 and 42 °C [8]. Above 44 °C, the threshold for injury to normal tissue is exceeded,
risking collateral damage to healthy cells. Below 42 °C, the length of time taken to
reliably destroy tumour tissue is impractical, and there is a suggestion that at these
lower levels of hyperthermia, tumour cell metabolism and spread might actually
increase.

A further important phenomenon is that of thermotolerance. Cells exposed to
high temperatures may become transiently resistant to repeated heat stress. This
response subsides after a week and may be overcome by prolonged heating or heat-
ing to a higher temperature than before [9].
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5.2.1 Hyperthermia and Radiation Therapy

Heat is a known radiosensitiser, and its efficacy depends upon both the temperature
achieved and the duration of exposure at that temperature. As well as a directly
cytotoxic effect, heat may transiently improve tumour blood flow and oxygenation
[10]. Radiation loses efficacy under hypoxic conditions, and it is by improving this
parameter and the cell microenvironment that heat is believed to increase
radiosensitivity.

Numerous randomised trials have been conducted to evaluate hyperthermia in
combination with radiotherapy [11-13]. Although results have generally been
favourable with improved clinical response and survival, uptake of thermoradio-
therapy has been slow. This may be due to the technical complexities of delivering
and monitoring a reliable dose of thermal energy during radiotherapy.

5.2.2 Hyperthermia and Chemotherapy

There are several mechanisms by which hyperthermia is believed to enhance the
efficacy of chemotherapy, although the effect depends upon the agent used and on
the timing of heating. Adriamycin, for example, becomes less effective if heat is
administered before the drug is given and markedly more effective if the heat and
drug are delivered simultaneously [14]. The vinca alkaloids and antimetabolites
show limited additional toxicity with heat. Cisplatin, mitomycin C, bleomycin, mel-
phalan and cyclophosphamide work synergistically with heat to supra-additive
effect [15-17].

In addition to a temperature-dependent cytotoxicity, hyperthermia may stimulate
improved cellular uptake of the drug through an initial improvement in tissue perfu-
sion and increased permeability of the cell membrane. Cellular metabolism may
also become altered, with consequences for pharmacokinetics and drug removal.

With the advent of heat-exchange pumps, it has become possible to deliver
locoregional chemohyperthermia. This technology is now being used in isolated
limb perfusion and intraperitoneal chemotherapy.

5.3 Techniques
5.3.1 Whole-Body Hyperthermia

Building upon the findings of tumour regression after high fevers, various approaches
have been taken to induce whole-body hyperthermia. These include total body sub-
mersion in hot wax or liquid, encasement in a high-flow water perfusion suit and
radiant heat. More recently, venovenous bypass has been trialled for advanced can-
cers [18].

Such techniques demand specialist skills, facilities and monitoring, and they risk
effects of multiorgan dysfunction such as delirium, cardiac arrhythmias and
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coagulopathy. Surprisingly though, such complications have been rare [19, 20].
Nevertheless, cancer treatments are becoming more organ specific, and it should be
possible to direct these techniques to the region of interest to reduce morbidity and
cost.

5.3.2 Regional Hyperthermia

5.3.2.1 Isolated Limb Perfusion

In 1958, Creech and colleagues described the use of ILP to treat metastatic mela-
noma [21]. Blood supply to the limb was isolated using a tourniquet, and the main
artery and vein were cannulated. Whole blood, to which phenylalanine mustard
(melphalan) was added, was circulated through the limb using an extracorporeal
pump. One year after the treatment, the majority of lesions had regressed and no
new lesions were seen.

Locoregional chemotherapy is preferable in cases where the disease is confined,
enabling the delivery of high-dose therapy whilst limiting systemic side effects. The
role of hyperthermia in ILP is twofold. Firstly, heat is necessary to prevent cutane-
ous vasoconstriction and ensure adequate drug delivery to the area being targeted.
Secondly, heat is known to enhance the cytotoxic activity of melphalan [15, 22].
Although this activity is greatest at temperatures higher than 41.5 °C, local toxicity
is more likely to occur. Mild hyperthermia in the range of 38-40 °C is therefore
chosen as a trade-off between the benefits of heat and the adverse effects of thermo-
chemotherapy [23].

ILP is currently used for the control of locally recurrent or inoperable local mela-
noma and sarcoma. Isolated limb infusion (ILI) is a similar but minimally invasive
procedure that has yielded similar results to ILP [24]. Melphalan is the standard
chemotherapy drug and may be used in combination with tumour necrosis factor
alpha (TNF-a) and interferon-gamma (IFN-y). TNF-a acts through direct cytotoxic-
ity and by instigating microvascular damage. It appears to work synergistically with
melphalan, and studies have shown an increase in complete response rates from 54 %
using melphalan alone to as high as 91 % using both drugs combined [25]. Though
its action is enhanced with heat, distal toxicity resulting in amputation has occurred
at moderate temperatures [26]. Cost, availability and concerns about side effects
remain prohibitive to the widespread addition of TNF-a and IFN-y to ILP regimes.

5.3.2.2 Heated Intraperitoneal Chemotherapy

Peritoneal carcinomatosis results from the spread of abdominal and pelvic malig-
nancies, mesothelioma or mucinous tumour across the peritoneal cavity. Systemic
agents are poorly absorbed across the peritoneal-plasma barrier and are ineffective
in treating this type of disease. This isolation, however, makes the peritoneal cavity
a suitable vessel for a locoregional approach. There is good evidence that cytore-
ductive surgery to resect visible tumour, followed by heated intraperitoneal chemo-
therapy (HIPEC) to treat microscopic disease, results in improved survival in
carefully selected patients [27-29].
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Perioperative chemotherapy may be administered during surgery or through
abdominal catheters early in the postoperative period, and its efficacy is thought to
depend upon several factors including timing of chemotherapy, size of residual peri-
toneal tumour and molecular weight of the chemotherapy agent. Intraoperative che-
motherapy allows good exposure of all surfaces within the abdomen and pelvis to
the drug at a time when free tumour cells may be circulating after surgery, and
administration of HIPEC is associated with significantly improved survival after
this type of operation [30].

In 1980, Spratt and colleagues demonstrated that HIPEC was feasible and well
tolerated in a patient with pseudomyxoma peritonei [31]. Drugs enter the peritoneal
tumour cells by diffusion, and their maximal penetration is up to 3 mm in depth
[32]. It is therefore important to remove as much macroscopic tumour as possible
prior to the instillation of chemotherapy. The addition of heat improves drug pene-
tration to depths of 5 mm and beyond [33]. Again, local thermal effects on micro-
circulation and cell membrane permeability are important in propagating the
chemotherapeutic effect.

Peritoneal hyperthermia is poorly tolerated and should only be used whilst the
patient is under anaesthesia. After all visible disease has been resected and before
any anastomosis is created, 2-3 1 of dialysis solution containing the chemotherapy
agent is warmed to 41 °C and perfused through the abdomen for 90 min. The intra-
abdominal contents are gently agitated by hand to ensure that all surfaces have good
exposure to the drug.

The chosen agent should ideally maintain a high concentration within the perito-
neal cavity and penetrate tumour cells without crossing the peritoneal-plasma bar-
rier. Mitomycin C is one such drug. Whilst there is little systemic absorption, it has
a synergistic action with moderate hyperthermia and is effective against chemo-
resistant tumours such a pseudomyxoma peritonei [34]. Similarly, tissue penetra-
tion of doxorubicin is markedly increased with hyperthermia of 43 °C without
increasing systemic absorption [35].

5.3.3 Local Hyperthermia

Local hyperthermia is being used more and more frequently to treat discrete malig-
nant lesions. The most common mode is radiofrequency ablation (RFA), although
other thermal ablative techniques such as microwave, laser and high-intensity
focused ultrasound (HIFU) are becoming more widely used.

The approach to local hyperthermia differs from the forms discussed earlier.
Since the focus is usually on one or several distinct lesions, the risk of damaging
healthy tissue is lessened, and the temperatures that can be created are therefore far
higher. During RFA, a probe is inserted into the lesion and an alternating current
generates heat at the probe tip. As tissue temperatures rapidly exceed to 60 °C, pro-
tein denaturation, the breakdown of nucleic acids and disruption of lipid bilayers
result in cell death [36]. An expanding zone of coagulative necrosis is created
around the probe as thermal energy is conducted outwards. The extent depends
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upon the level of RF energy applied and on tissue impedance. The time taken to
achieve a 3 cm ablation in the liver is around 10 min.

Microwave ablation uses electromagnetic waves to generate heat. Again, a probe is
directed into the tumour under image guidance. Agitation of water molecules produces
heat and causes cell death from coagulative necrosis. Expansion of the ablation zone
relies on conduction and convection. Interstitial laser ablation is a newer technique
where laser fibres are placed into the target tissue to generate cytotoxic hyperthermia.

These techniques are being used to treat primary and metastatic tumours in many
tissues including the liver, kidney, bone and lung. They can be performed percutane-
ously under image guidance or using minimally invasive surgery, and they permit
preservation of healthy tissue. Numerous studies have compared these modalities
for various cancers. Important future developments will include improved real-time
imaging, non-invasive techniques such as HIFU and methods to improve heat distri-
bution across larger tumours such as the use of multiple probes.

54  Summary

Hyperthermia is effective at inducing cell death, provided that an optimal tempera-
ture between 40 and 42 °C is maintained for sufficient duration. Malignant cells are
more susceptible to thermal damage at these temperatures than are normal cells.

A therapeutic elevation in temperature may be achieved through whole-body
hyperthermia or locoregional heat, though the latter is preferable. A broader range
of therapeutic options has become available to manage locoregional recurrence.
Hyperthermia has anecdotally and experimentally demonstrated its ability to down-
stage disease, but uptake has been slow. Regardless of the method used, specialist
equipment and skills are needed to safely perform these procedures. Other limita-
tions include the inability to consistently heat large tumours and to non-invasively
monitor tissue temperature during the procedure.

Future studies should aim to clearly define optimal thermal dosimetry as well as
to develop the apparatus with which to deliver it. The potential to use gene therapy
to potentiate thermal therapy has also been considered [37]. As techniques continue
to improve, a complementary pathway in cancer therapy may yet be uncovered by
revisiting this ancient remedy.
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The Role of Hypoxia and Hyperthermia
in Chemotherapy

Giammaria Fiorentini, Maurizio Cantore,
Francesco Montagnani, Andrea Mambrini,
Michelina D’Alessandro, and Stefano Guadagni

6.1 Introduction

Medical approaches to cancer treatment, primarily radiation therapy and chemo-
therapy, are almost exclusively based on agents that kill cells. The main problem
with these current treatments, however, is that they do not have specificity for cancer
cells. In the case of drugs, it is primarily the constant and continuing proliferation
of many of the cancer cells that makes them more sensitive to cell killing than their
normal cellular counterparts; for radiation therapy, a degree of specificity is achieved
by localizing the radiation to the tumor and its immediate surrounding normal tis-
sue. However, both treatments are limited by their toxic effects on normal cells. To
achieve greater efficacy, many scientists are attempting to stress differences between
normal and malignant cells at the biomolecular properties and cellular milieu. The
physiology of solid tumors at the microenvironmental level is sufficiently different
from that of the normal tissues from which they arise to provide a selective target
for treatment.

6.2  Tumor Hypoxia in Chemotherapy

Tumor hypoxia is an important factor in oncology, since it contributes to tumor
progression by the activation of genes associated with those promoting angiogene-
sis. Moreover, it has profound effects on therapy: Oxygen helps to stabilize
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radiation damage in DNA, while hypoxic cells show considerable (about fivefold)
resistance to radiotherapys; this is considered the major cause for the failure of radio-
therapy in some tumors. Attempts to overcome this effect include the use of hyper-
thermia, oxygen-mimetic radiosensitizers, and multifractional radiotherapy to allow
reoxygenation of tumor tissue. Radiosensitizers are drugs designed to act similarly
to oxygen in fixing radiation damage in DNA, but they are less rapidly metabolized
and are therefore more widely distributed in tumor tissues.

The first pioneering work of Gray et al. [1] demonstrated that the sensitivity to
radiation damage of cells and tissues depends on the presence of oxygen at the time
of irradiation. The histological studies on human lung adenocarcinomas by
Thomlinson and Gray [2] provided an explanation of the mechanism by which cells
could become hypoxic in tumors. They postulated that because of their unrestrained
growth, tumor cells would be forced away from vessels, beyond the effective diffu-
sion distance of oxygen in respiring tissue, thereby becoming hypoxic and eventu-
ally necrotic.

There are two important further consequences of reducing oxygen concentration:
(a) The fraction of proliferating cells and/or the rate of cell proliferation decreases
as a function of distance from the vascular supply, a phenomenon that is largely the
result of decreasing oxygen levels [3—5]. An important consequence of this hypoxia-
induced inhibition of proliferation is that, because most anticancer drugs are pri-
marily effective against constantly and continuously dividing cells, their effectiveness
would be expected to fall off as a function of distance from blood vessels. This has
been shown experimentally [1-7]. (b) Since hypoxic cells are the ones most distant
from blood vessels, they will be exposed to lower concentrations of drug than those
adjacent to blood vessels, primarily as a result of the metabolism of such agents
through successive cellular layers.

Hypoxia in solid tumors, however, has an important consequence in addition to
conferring a direct resistance to radiation and chemotherapy 5-7. Graeber showed
that low oxygen levels caused apoptosis in minimally transformed mouse embryo
fibroblasts and that this apoptosis depended to a large extent on wild-type p53 geno-
type. They further showed, using these same cells growing as solid tumors in
immune-deprived mice, that apoptosis co-localized with hypoxic regions in tumors
derived from p53 wild-type mice. In tumors derived from p53—/— cells, there was
much less apoptosis and no co-localization with tumor hypoxia. These findings pro-
vide evidence that hypoxia, by selecting for mutant p53, might predispose tumors to
a more malignant phenotype.

Clinical data support this conclusion. Studies on both soft tissue sarcomas and on
carcinomas of the cervix have shown that hypoxic tumors are more likely to be
metastatic.

However, others have proposed that tumor hypoxia can occur in a second way, by
temporary obstruction or cessation of tumor blood flow, the so-called acute hypoxia
model. Definitive evidence for this type of acute hypoxia arising from fluctuating
blood flow has come from elegant studies with transplanted tumors in mice using
diffusion-limited fluorescent dyes. Because fluctuating blood flow has also been
demonstrated in human tumors, it is likely that this type of hypoxia is also present



6 The Role of Hypoxia and Hyperthermia in Chemotherapy 63

in human tumors. The consequences of acute hypoxia will be similar to those of the
diffusion-limited hypoxia. Any cells surrounding a closed blood vessel will be resis-
tant to radiation killing because of their lack of oxygen at the time of radiation and
will be exposed to lower levels of anticancer drugs than those surrounding blood
vessels with a normal flow. This would be expected to lead to differences in response
to anticancer agents, as has been observed in experimental tumors.

The low oxygen levels in tumors can probably be turned from a disadvantage to
an advantage in cancer treatment. Such a possibility was proposed 20 years ago by
Lin et al. [8], who reasoned that compounds based on the quinone structure of mito-
mycin C might be more active in hypoxic tumors. It was known that mitomycin C
required metabolic reduction of the benzoquinone ring to produce the cytotoxic
bifunctional alkylating agent. Lin reasoned that a lower oxidation reduction (redox)
potential for tumor tissue, relative to most normal tissues, could increase reductive
activation of these quinone derivatives in tumors. Although this was not the correct
mechanism for the increased cytotoxicity of mitomycin C and certain analogues
toward hypoxic cells (much lower levels of hypoxia are needed to change cellular
redox potential), these studies were important in suggesting the potential of hypoxia-
activated drugs and led to the concept of selectively killing the hypoxic cells in solid
tumors.

6.3  Hypoxia and Specific Drugs

There are presently four different classes of hypoxia-specific drugs that are in use
clinically or are being developed for clinical use. They are the quinone antibiotics,
nitroaromatics, and the aliphatic and heteroaromatic N-oxides. All report two pecu-
liarities: They require hypoxia for activation, and this activation is related to the
presence of reductases. The most effective drugs have shown the capacity to increase
the antitumor efficacy of compounds that kill oxygenated cells, i.e., cytotoxic che-
motherapy agents such as cisplatin and cyclophosphamide.

In the quinone class, the three principal agents of current clinical interest are
mitomycin C, porfiromycin, and apaziquone (E09). All are structurally similar and
require reductive metabolism for activity. Each of them is converted by reductive
metabolism to a bifunctional alkylating agent and probably produces its major cyto-
toxic activity through the formation of DNA interstrand cross-links.

Mitomycin C, considered to be the prototype bioreductive drug, was introduced
into clinical use in 1958 and has demonstrated efficacy toward a number of different
tumors, in combination with other selective drugs whose toxicity toward hypoxic
cells is modest. However, based on this activity, mitomycin C has been combined
with radiotherapy in two randomized trials of head and neck cancer, the pooled
results of which gave a statistically significant disease-free survival benefit [5-8].

The third drug in this series, E09, is a much more efficient substrate for
DT-diaphorase than either mitomycin C or porfiromycin and shows high toxicity to
both aerobic and hypoxic cells with high DT-diaphorase levels. Cells with low
DT-diaphorase levels are much less susceptible to killing by EO9 under aerobic
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conditions, but this drug shows a high, up to 50-fold, preferential toxicity toward
hypoxic cells. However, the pharmacokinetics of this agent works against its clini-
cal utility, and phase I clinical studies have shown little activity of this drug.

A second class of bioreductive agents is that of the nitroimidazoles, the first two
of which, metronidazole and misonidazole, have been extensively tested as hypoxic
radiosensitizing agents. Further drug development by Adams and Stratford [9] pro-
duced a compound, RSU1069, which has been shown to be a highly efficient cyto-
toxic agent with activity both in vitro and in vivo. RSU1069 has a hypoxic
cytotoxicity ratio of some 10-100 for different cell lines in vitro, and it, or its pro-
drug, RB6145, has shown excellent activity in mouse tumor models when combined
with irradiation or agents that induce hypoxia. Unfortunately, however, clinical test-
ing of RB6145 has been aborted due to irreversible cytotoxicity toward retinal cells.

Tirapazamine (TPZ) is the first and, thus far, only representative of the third class
of hypoxia-selective cytotoxins [6]. The mechanism for the preferential toxicity of
TPZ toward hypoxic cells is the result of an enzymatic reduction that adds an elec-
tron to the TPZ molecule, forming a highly reactive radical. This radical is able to
cause cell killing by producing DNA damage leading to chromosome aberrations.
Moreover, DNA damage occurs only from TPZ metabolism within the nucleus.
TPZ produces specific potentiation of cell kill by radiation and cis-platinum.
Specifically, the synergistic cytotoxic interaction observed when TPZ and cis-
platinum are given in sequence depends on the TPZ exposure being under hypoxic
conditions. In fact, there is no interaction when TPZ is given under aerobic condi-
tions. It has also been demonstrated that the cytotoxic activity of TPZ under hypoxia
is independent of p53 gene status of tumor cells. This drug has 100-fold differential
toxicity toward hypoxic versus aerobic cells.

Based on experimental studies that evaluated the responsiveness of tumor cells
under aerobic and hypoxic conditions, Teicher et al. [10] classified chemotherapeu-
tic agents into three groups: (1) preferentially toxic in aerobic conditions (bleomy-
cin, procarbazine, streptonigrin, actinomycin D, vincristine, and melphalan), (2)
preferentially toxic under hypoxic conditions (mitomycin C and adriamycin), and
(3) no major preferential toxicity to oxygenation (cis-platinum, 5-fluorouracil, and
methotrexate).

6.4 Hypoxia and Gene Therapy

Tumor hypoxia also selects for gene mutations in tumor cells. In particular, muta-
tions occurred in genes involved in the process of apoptosis. It could be shown that
repeated exposure to low oxygen tension selected for p53 mutations rendered tumor
cells resistant to hypoxia-induced apoptosis. It is further well documented that low
oxygen tension confers resistance to tumors to irradiation therapy and may thereby
contribute to tumor aggressiveness.

The newest direction for exploiting tumor physiology is the field of gene therapy.
In this novel approach to anticancer therapy, genetic material is transferred into cells
with the ultimate goal of selectively killing cancer cells and sparing normal cells.
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Recent studies have regarded the possibility of using the hypoxia-signaling pathway
to selectively activate gene expression [11, 12]. Hypoxia induces the expression of
a number of genes, principally via the stabilization of members of the bHLH/PAS
family of transcription factors that bind to a consensus DNA sequence, the hypoxia
response element (HRE). Physiologically regulated expression vector systems, con-
taining HRE sequences, are now under development to target therapeutic gene
expression to tumor cells characterized by low oxygen tension [11]. From a clinical
point of view, the combination of hyperthermia and hypoxia seems to add activity
to intra-arterial chemotherapy [12]. At the same time, the exposure of body regions,
such as the pelvis or limbs, to a locally high dose of bioreductive agent such as
mitomycin C, in hypoxic conditions, shows activity in refractory cancers [13—16].

Following the study of genes, we understood that there are other ways in which
hypoxia might contribute to drug resistance. One is through the amplification of genes,
such as dihydrofolate reductase, conferring various glucose-regulated proteins that
appear to be responsible for resistance to doxorubicin, etoposide, and camptothecin.

The microenvironment of solid tumors has several characteristics that distinguish
it from the corresponding normal tissues. These different aspects are thought to be due
to the interaction between the poorly formed tumor vasculature and the physiologic
characteristics of the cells within the tumor. The interaction between the cancer cells
and vasculature results in three well-known microenvironmental hallmarks of solid
tumors: “tension, low extracellular pH, and high interstitial fluid pressure. To over-
come this challenge, the new therapy of tumors, particularly renal cell carcinoma
(RCC), took a major step forward with the approval of sorafenib and sunitinib in 2005
and 2006. These two multi-targeted tyrosine kinase inhibitors are the first on a grow-
ing list of molecularly targeted therapy in RCC. They all share the ability to modulate
the hypoxia-inducible factor (HIF)-VEGF-VEGEF receptor axis that plays a significant
role in the development of many solid tumors [15]. Several aspects of tumor physiol-
ogy seem to be directly responsive to the low-oxygen environment within the tumor
through the activity of the HIF-1 transcription factor. HIF-1 is therefore characterized
as responsible for adaptive changes in the hypoxic regions within the tumor. There are
many genes that HIF-1 can transactivate, including VEGF, glycolytic enzymes, ion
channels, protease regulators, and mitochondrial regulators. The possibility of HIF-1
blockade therefore represents an interesting strategy for modifying the tumor physiol-
ogy. HIF-1 is part of the loop responsible for the physiologic condition within the
tumor. The tumor vasculature leads to hypoxia; this leads to HIF-1 gene expression
changes. Several examples of specific HIF-1 target genes fit well into this model of
explaining the changes observed in the tumor microenvironment.

6.5 Hyperthermia and Chemotherapy

Preclinical thermo-chemotherapy studies have given valuable information on the
schedule of the cytotoxic interaction between the different agents and on the molec-
ular mechanisms responsible for the potentiating effect. Several studies have dem-
onstrated that the cytotoxic activity of various chemotherapeutic agents is enhanced
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by mild or moderate hyperthermia (40.5-43 °C) [17]. In these investigations, the
effect of scheduling on the cytotoxic interaction between hyperthermia and drugs
has also been investigated in in vitro experimental systems. There are data regarding
doxorubicin, the platinum compounds cisplatin and carboplatin, the bifunctional
alkylating agent melphalan, and the antimetabolite methotrexate which indicate that
in each case, the maximal cytotoxicity occurs when the drug is administered simul-
taneously with hyperthermia [17-24].

The mechanisms responsible for the effect of hyperthermia on cell killing by
anticancer drugs are not entirely understood. For example, for melphalan, which is
widely used in experimental and clinical thermo-chemotherapy studies, different
putative mechanisms of potentiation have been suggested including an increase in
melphalan influx leading to a higher intracellular drug accumulation [20].

The alteration of DNA quaternary structure favors alkylation; the interference
with drug-DNA adduct metabolism and the inhibition of repair [21] induce the sta-
bilization of drug-induced G2 phase cell accumulation [21] through the inhibition
of p32¢i2kinase activity [22, 23]. As regards cisplatin, it has been demonstrated that
the cytotoxic activity of this compound, as well as that of the platinum derivatives
lobaplatin and oxaliplatin, is increased under hyperthermic conditions as the conse-
quence of an enhanced formation of DNA-platinum adducts [24].

Preclinical studies have also significantly contributed to the proposition of potential
cellular determinants of response to individual and combined treatments. The relevance
of cell kinetic and DNA ploidy characteristics as indicators of thermoresponsiveness has
been determined in primary cultures of human melanoma [25]. Results from this study
showed that the median 3 H-thymidine labeling index of sensitive tumors was fourfold
that of resistant tumors. Moreover, thermosensitivity was found more frequently in
tumors with a diploid nuclear DNA content than in those with DNA aneuploidy.

Since heat and drug sensitivity may be related to the ability of tumor cells to
mount a stress response, the relationship between constitutive (and inducible) levels
of heat shock proteins (HSPs) and thermosensitivity has been evaluated in the testes
and bladder cancer cell lines [26]. No correlation between constitutive levels of
HSP90 or HSP72/73 and cellular thermoresponsiveness was found. However,
results suggest that low HSP27 expression might contribute to heat sensitivity.

6.6 Hyperthermia and Specific Drugs

The most active agent(s) at elevated temperatures has yet to be determined. Some
studies suggest that the drug of choice at elevated temperatures may be different from
that at the physiological temperature and that the alkylating agents may be most effec-
tive at elevated temperatures. To further investigate these possibilities, the effects of
chemotherapeutic agents were compared by Takemoto et al. [27]. He studied these
agents: cyclophosphamide, ifosfamide, melphalan, cisplatin, 5-fluorouracil, mitomy-
cin C, and bleomycin. Three tumors (mammary carcinoma, osteosarcoma, and squa-
mous cell carcinoma) were used. They were transplanted into the feet of C3H/He
mice. When tumors reached 65 mm, a test agent was injected intraperitoneally.
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Tumors were immediately heated at 41.5 °C for 30 min, and the tumor growth (TG)
time was studied for each tumor. Using the TG times, the TG-50 (the time required for
one-half of the total number of the treated tumors to reach the volume of 800 mm from
65 mm) was calculated. Subsequently, the tumor growth delay time (GDT) and the
thermal enhancement ratio (TER) were obtained. The GDT was the difference
between the TG-50 of treated tumors and that of non-treated control tumors. The TER
was the ratio of the GDT of a group treated with an agent at 41.5 °C to that of a group
treated with the agent at room temperature. Results showed that the top three effective
agents tested at 41.5 °C were solely alkylating agents: cyclophosphamide, ifosfamide,
and melphalan for each kind of tumor. A GDT of cisplatin was smaller than those of
the alkylating agents. The smallest TER, 1.1, was observed for 5-fluorouracil, which
was given for mammary carcinoma, and for mitomycin C, which was given for squa-
mous cell carcinoma. It could be concluded that the alkylating agents at elevated tem-
peratures might be the drugs of choice for many types of tumors.

6.7  Alkylating Agents and Oxaliplatin

Urano and Ling [28] studied the effects of various agents on animal tumors with dif-
ferent histopathology at elevated temperatures. His studies indicated that alkylating
agents were most effective against all tumors at a moderately elevated temperature.
Cisplatin was also effective against all tumors, but its effectiveness at 41.5 °C was less
than that of alkylating agents. To quantitatively study these findings, the magnitude of
thermal enhancement of melphalan, an alkylating agent, and that of oxaliplatin, a new
platinum compound, was studied by this author, at 37-44.5 °C by the colony forma-
tion assay. The dose of each agent was kept constant, and cell survival was determined
as a function of treatment time. The cell survival curve was exponentially related to
treatment time at all test temperatures, and the 7(0) (the time to reduce survival from
1 to 0.37) decreased with an increasing temperature. These results suggested that the
cytotoxic effect of these agents occurred with a constant rate at 37 °C, and the rate was
facilitated with an increasing temperature. This suggests that heat can accelerate the
cytotoxic chemical reaction, leading to substantial thermal enhancement. The thermal
enhancement ratio (TER, the ratio of the 7(0) at 37 °C to the 7(0) at an elevated tem-
perature) increased with an increase in the temperature. The activation energy for
melphalan at moderately elevated temperatures was the largest among the agents
tested in the laboratory and that for oxaliplatin was approximately half of the melpha-
lan activation energy. This suggests that the thermal enhancement for the cytotoxicity
of melphalan or alkylating agents might be the greatest.

6.8 Taxanes

Recent studies suggest that docetaxel may show improved response at elevated tem-
peratures. Factors that may modify the thermal enhancement of docetaxel were
studied by Mohamed et al. [29] to optimize its clinical use with hyperthermia. The
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tumor studied was an early-generation isotransplant of a spontaneous C3Hf/Sed
mouse fibrosarcoma, Fsa-II. Docetaxel was given as a single intraperitoneal injec-
tion. Hyperthermia was achieved by immersing the tumor-bearing foot into a con-
stant temperature water bath. Four factors were studied: duration of hyperthermia,
sequencing of hyperthermia with docetaxel, intensity of hyperthermia, and tumor
size. To study the duration of hyperthermia, tumors were treated at 41.5 °C for 30 or
90 min immediately after intraperitoneal administration of docetaxel. For sequenc-
ing of hyperthermia and docetaxel, animals received hyperthermia treatment of
tumors for 30 min at 41.5 °C immediately after drug administration, hyperthermia
both immediately and 3 h after docetaxel administration, and hyperthermia given
only at 3 h after administration of docetaxel. Intensity of hyperthermia was studied
using heat treatment of tumors for 30 min at 41.5 °C or 43.5 °C immediately follow-
ing docetaxel administration. Effect of tumor size was studied by delaying experi-
ments until three times the tumor volume (113 mm?) was observed. Treatment of
tumors lasted for 30 min at 41.5 °C immediately following drug administration.
Tumor response was studied using the mean tumor growth time. Hyperthermia in
the absence of docetaxel had a small but significant effect on tumor growth time at
43.5 °C but not at 41.5 °C. Hyperthermia at 41.5 °C for 90 min immediately after
docetaxel administration significantly increased mean tumor growth time
(P=0.0435) when compared to tumors treated with docetaxel at room temperature.
Treatment for 30 min had no effect. Application of hyperthermia immediately and
immediately plus 3 h following docetaxel was effective in delaying tumor growth.
Treatment at 3 h only had no effect. No significant difference in mean tumor growth
time was observed with docetaxel and one-half hour of hyperthermia at 41.5 °C or
43.5 °C. For larger tumors, hyperthermia alone caused a significant delay in tumor
growth time. Docetaxel at 41.5 °C for 30 min did not significantly increase mean
tumor growth time compared to large tumors treated with docetaxel at room tem-
perature. Docetaxel shows a moderate increase in antitumor activity with hyperther-
mia. At 41.5 °C, the thermal enhancement of docetaxel is time dependent if
hyperthermia is applied immediately following drug administration. With large
tumors, docetaxel alone or docetaxel plus hyperthermia showed the greatest delays
in tumor growth time in the experiments.

6.9 Hyperthermia and Gene Therapy

Li et al. reported the activity of adenovirus-mediated heat-activated antisense Ku70
expression radiosensitizers tumor cells in vitro and in vivo [30]. Ku70 is one com-
ponent of a protein complex, Ku70 and Kug80, that functions as a heterodimer to
bind DNA double-strand breaks and activates DNA-dependent protein kinase. The
previous study of this group with Ku70—/— and Ku80—/— mice and cell lines has
shown that Ku70 and Ku80 deficiency compromises the ability of cells to repair
DNA double-strand breaks, increases radiosensitivity of cells, and enhances
radiation-induced apoptosis. In this study, Li examined the feasibility of using
adenovirus-mediated, heat-activated expression of antisense Ku70 RNA as a gene
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therapy paradigm to sensitize cells and tumors to ionizing radiation. First, they per-
formed experiments to test the heat inducibility of heat shock protein (hsp) 70 pro-
moter and the efficiency of adenovirus-mediated gene transfer in rodent and human
cells. Replication-defective adenovirus vectors were used to introduce a recombi-
nant DNA construct, containing the enhanced green fluorescent protein (EGFP)
under the control of an inducible hsp70 promoter, into exponentially growing cells.
At 24 h after infection, cells were exposed to heat treatment, and heat-induced
EGFP expression at different times was determined by flow cytometry. The data by
Li clearly show that heat shock at 42 °C, 43 °C, or 44 °C appears to be equally effec-
tive in activating the hsp70 promoter-driven EGFP expression (>300-fold) in vari-
ous tumor cells. Second, the authors have generated adenovirus vectors containing
antisense Ku70 under the control of an inducible hsp70 promoter. Exponentially
growing cells were infected with the adenovirus vector, heat shocked 24 h later, and
the radiosensitivity determined 12 h after heat shock. Our data show that heat shock
induces antisense Ku70 RNA, reduces the endogenous Ku70 level, and significantly
increases the radiosensitivity of the cells. Third, the author has performed studies to
test whether Ku70 protein level can be downregulated in a solid mouse tumor
(FSa-II) and whether this results in enhanced radiosensitivity in vivo, as assessed by
in vivo/in vitro colony formation and by the tumor growth delay. Their data demon-
strate that heat shock-induced expression of antisense Ku70 RNA attenuates Ku70
protein expression in FSa-II tumors and significantly sensitizes the FSa-II tumors to
ionizing radiation. Taken together, these interesting results suggest that adenovirus-
mediated, heat-activated antisense Ku70 expression may provide a novel approach
to radiosensitize human tumors in combination with hyperthermia.

Guan et al. [31] have examined the safety and efficacy of recombinant adenovi-
rus encoding human p53 tumor suppressor gene (rAd-p53) injection in patients with
advanced non-small-cell lung cancer (NSCLC) in the combination with the therapy
of bronchial arterial infusion (BAI). A total of 58 patients with advanced NSCLC
were enrolled in a non-randomized, two-armed clinical trial. Of which, 19 received
a combination treatment of BAI and rAd-p53 (the combo group), while the remain-
ing 39 were treated with only BAI (the control group). Patients were followed up for
12 months, with safety and local response evaluated by the National Cancer
Institute’s Common Toxicity Criteria and response evaluation criteria in solid tumor
(RECIST), respectively. Time to progression (TTP) and survival rates were also
analyzed by the Kaplan—-Meier method. In the combo group, 19 patients received a
total of 49 injections of rAd-p53 and 46 times of BAI, respectively, while 39 patients
in the control group received a total of 113 times of BAI. The combination treatment
was found to have less adverse events such as anorexia, nausea and emesis, pain,
and leukopenia (P<0.05) but more arthralgia, fever, influenza-like symptom, and
myalgia (P<0.05) compared with the control group. The overall response rates
(complete response (CR) + partial response (PR)) were 47.3 % and 38.4 % for the
combo group and the control group, respectively (P>0.05). Patients in the combo
group had alonger TTP than those in the control group (a median 7.75 vs 5.5 months,
P=0.018). However, the combination treatment did not lead to better survival, with
survival rates at 3, 6, and 12 months in the combo group being 94.74 %, 89.47 %,
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and 52.63 %, respectively, compared with 92.31 %, 69.23 %, and 38.83 % in the
control group (P=0.224). The final results of this work done by Guan YS et al.
show that the combination of rAd-p53 and BAI was well tolerated in patients with
NSCLC and may have improved the quality of life and delayed the disease
progression.

Conclusions
The definition, about 50 years ago, that hypoxic cells are resistant to radiation led
to the concept that cancers might be resistant to radiotherapy and chemotherapy
because of their poor oxygen supply and subsequent hypoxia. Now, tumor
hypoxia is seen as a mechanism of resistance to many antineoplastic drugs, as
well as a predisposing factor toward increased malignancy and metastases.
However, tumor hypoxia is a unique target for hyperthermia and cancer bio-
reductive therapy that could be exploited for therapeutic use. A hypoxic cell is
unable to have a stable pH; this increases the permeability of the cell membrane
so that antineoplastic agents can easily move through the membrane improving
the global concentration of the drug both inside and outside the cell. Hyperthermia
seems the best opportunity to enhance these phenomena.
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Induction Chemotherapy in Head
and Neck Cancers

Adorjan F. Kovacs

7.1 Introduction
7.1.1 Guidelines for Chemotherapy in Head and Neck Cancers

The overwhelming majority of head and neck cancers are squamous cell carcinomas;
therefore, other histologies will not be discussed in this chapter. According to the
German Cancer Society [1], the sole usage of (systemic) chemotherapy in head and
neck cancer is intended only for palliative use “in case of disease relapses (recur-
rences) or metastatic tumors.” For head and neck cancers that are not resectable, che-
motherapy “is generally combined with a radiation (chemoradiation),” either in
parallel or sequentially. Today, the advantage of parallel chemoradiation as compared
to a sequential regimen has been established. There has also been a significant superi-
ority of results using concomitant chemoradiation as compared to larger doses of
radiotherapy exclusively [2, 3]. Thus, chemoradiation has now become the “gold
standard” of treatment for locally unresectable tumors. In advanced resectable tumors
(>T2), surgery with or without adjuvant radiotherapy remains the treatment of choice.
In so-called high-risk patients (e.g., positive surgical margins), adjuvant concomitant
chemoradiation may be used [4]. The drugs used mainly are cisplatin or carboplatin,
5-fluorouracil, and/or the taxanes. Intra-arterial chemotherapy is not even mentioned
in those guidelines, whereas in more and more clinics, it is increasingly being used.

7.1.2 Induction Chemotherapy in Head and Neck Cancers

All in all, surgical treatment of head and neck carcinomas which is the standard
for operable cancers shows an increasing tendency to include nonsurgical
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modalities [5]. Advanced cancers not curable by surgery alone are submitted to
sophisticated multimodality regimens. Thereby, the sequence and temporal inte-
gration of the therapeutic modalities becomes essential. More effective integrated
combined treatment modalities involve risks of excessive toxicity that may be
greater than toxicity of any single therapy alone. If the toxicity of an appropriately
increased individual modality can be reduced by a combination therapy as com-
pared to its toxicity in its sole and definitive application, the overall treatment-
associated morbidity will possibly be lessened. There is, of course, also a risk of
danger of decreased overall effectiveness. An important point of multimodality
treatment is, therefore, reduced compliance, be it treatment related (too high tox-
icity) or patient related (refusal).

Theoretical benefits of using presurgical or preradiation chemotherapy, systemic
or regional, include:

* Induction chemotherapy would affect previously untreated tumor cells because
of their potentially higher susceptibility to treatment.

* Inhibition of growth or even downsizing of the tumor could reduce the extent of
locoregional surgery needed and potentially increase the effectiveness of any
subsequent therapy.

* Reduction of tumor aggressiveness and metastatic propensity, especially the
sowing of tumor cells during surgical manipulations, could be a welcome effect
of an initial therapy.

* A regional treatment could minimize the local recurrence rate which is the main
problem with head and neck cancers.

In contrast, radiation or chemoradiation used as induction treatment would
have (at least locally) more toxicity, would result in more wound healing prob-
lems following surgery, would have problems of dosage because pathological
staging is unknown, and could have more patient-related compliance
problems.

An important question for the assessment of induction chemotherapy is the defi-
nition of success used, as, for example, resectability, local control, disease-free
time, or overall survival. Randomized trials and meta-analyses of induction chemo-
therapy [6—10] offer an undecided picture in this respect.

The second question for correct assessment of the trials which will be dis-
cussed in this chapter is whether different regimens and cancer localizations in the
head and neck area can be compared. For example, for carcinomas of the pharyn-
golarynx, the belief of “non-chemocurability of squamous cell carcinoma of the
upper aerodigestive tract” has recently been seriously doubted [11]. Other reports
on long-term remissions of oral carcinomas after sole chemotherapeutic treatment
supported this impression [12]. It is also obvious that degrees of stage and state of
different cancers (primary operable, primary inoperable, recurrent, and pretreated
cancers) cannot be compared, which makes evaluation of trials and treatments
difficult.
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7.1.3 Systemic Induction Chemotherapy in Head and Neck
Cancers

7.1.3.1 Development

To understand the peculiarity of intra-arterial induction chemotherapy, it is impor-
tant to have a brief look at the systemic induction chemotherapy in operable patients
which was a standard treatment of head and neck cancers practiced since the 1980s.
Until recently, a scheme of tricyclic induction chemotherapy with a bolus dose of
100 mg/m? cisplatin and a subsequent continuous 120 h infusion of 1,000 mg/m?
5-fluorouracil (PF), introduced by the Wayne State Group in Detroit, played the
largest role [13]. This scheme has proven itself to be most effective in previously
untreated patients [ 14]. Therefore, regimens using other agents for induction did not
play a great role; for example, cisplatin with 5-fluorouracil had been shown to be
more effective than carboplatin in combination with 5-fluorouracil for induction
chemotherapy of stage IV head and neck cancers [15].

For recurrent or metastatic head and neck cancers, it could be shown that combi-
nation chemotherapy regimens are superior to monochemotherapy due to the syner-
gism of drug effects [16], but without proven survival benefit, and always with the
limitation of potentially greater rates of toxicity. The advantage lay in the control of
symptoms.

A study from Italy showed in a subgroup of inoperable patients from a total
group of 237 previously untreated patients with head and neck tumors of stages III
and IV that PF induction chemotherapy followed by irradiation resulted in a lower
local recurrence rate and prolonged survival as compared to radiotherapy alone. The
incidence of the rate of distant metastases would also be reduced; but for the total
group, there was no proven difference in survival [17].

Some other studies with representative objectives and results shall be men-
tioned in detail: Thyss et al. [18] confirmed the good results achieved with the
Wayne-State method. In 108 patients with stages II-IV head and neck carcino-
mas, after three cycles, there were 87.5 % responses, including 47.5 % complete
responses in the primary site. Oro-/hypopharyngeal cancers had best results in
contrast to oral cavity cancers. Definitive treatment consisted of radiation or sur-
gery. Complete responders had a significantly longer survival following definitive
treatment as compared to nonresponders. Wang et al. [19] treated 120 patients
with previously untreated head and neck carcinomas stages III and IV with the
Wayne-State scheme. The overall response rate was 56 %; the local response rate
depended on the original tumor volume. Remission rates of up to 81 % and a clini-
cal complete remission rate of 69 % were achieved with PF induction chemo-
therapy plus leukovorin (PFL) in 102 untreated stages III and IV head and neck
cancers [20], where the rate of pathological complete remissions was also very
high (84 % of clinical complete remissions). Patients with complete remissions
were then irradiated only; the others were operated on plus irradiated. The 5-year
survival rate was 52 %. The need for rescue drugs indicates the high toxicity of
such regimens.
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Around the year 2000 with all the early studies of systemic induction chemo-
therapy combined, it could be concluded:

» That clinical complete remission rates were achieved by 20-70 %.

» That complete pathological remissions were demonstrated in about 66 % of clin-
ical complete remissions and that these patients had a better chance of survival.

» That no increase in surgical or radiation-induced complications was to be feared.

* However, no significant improvement in survival in patients with advanced tumor
stages was proven when compared to a sole operation or radiation therapy
[7,9,21].

Systemic Induction Chemotherapy and Survival Advantage

All of the abovementioned studies suffered from being a mixture of different localiza-
tions and/or from the inclusion of both operable and inoperable patients. When these
faults were avoided, induction chemotherapy had a much better impact. A French
randomized trial used the Wayne-State scheme before a definitive locoregional treat-
ment consisting of either surgery plus radiation or radiation alone. It demonstrated in
318 patients with advanced oropharyngeal cancer that overall survival was signifi-
cantly better in the induction chemotherapy group than in the control group, with a
median survival of 5.1 years versus 3.3 years in the no chemotherapy group [6].
Volling et al. [10] reported the final results of a prospective randomized study using
systemic induction chemotherapy prior to surgery and radiotherapy versus surgery
and radiotherapy in patients with resectable oral cavity and tonsil cancers T2-3 NO-2
proving a significant survival advantage for the chemotherapy group.

7.1.3.2 Actual Trends and Organ Preservation

In the USA, at the beginning of the twenty-first century, chemoradiation was com-
bined with induction chemotherapy. This nonsurgical concept seemed to become
the standard treatment in locally advanced squamous cell carcinomas of the head
and neck [22].

This development started in 1991, when the Veterans Affairs Laryngeal Cancer
Study Group succeeded in demonstrating [23] that a purely conservative treatment
(PF induction chemotherapy followed by radiotherapy with 66-76 Gy for poten-
tially resectable laryngeal cancer) compared with a laryngectomy followed by adju-
vant radiotherapy was possible without worsening of overall survival (organ
preservation). This concept was expanded by addition of chemoradiation. A pio-
neering study maybe mentioned to measure the compliance and toxicity problems
of this modality. Calais et al. [24] accrued 63 patients with stages III and IV oropha-
ryngeal carcinomas prospectively for chemoradiation. Patients of an age over
775 years and those with a Karnofsky index below 60 were excluded, as well as those
who lost more than 20 % of their body weight and those with previous or synchro-
nous malignancies. Seventy grays were administered locally, regionally 56 Gy in
case of lymph node involvement, and 44 Gy in case of clinically free necks. Patients
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received concomitant seven cycles of 20 mg/m? docetaxel. Eleven percent had to
discontinue irradiation; 3 % were not able to finish completely. All seven cycles of
chemotherapy were administered to 95 % of patients. Treatment was generally well
tolerated; however, 41 % of patients required a temporary gastric tube because of
the main acute side effect of mucositis. After 3 years, the calculated total and
disease-free survival amounted to 47 % and 39 %; the locoregional control rate was
64 %.

Since inoperable cancer patients had no choice except surgery-sparing treatment,
an important question to be answered was whether potentially resectable cancers
generally would benefit from organ preservation? During a period of 8 years,
Forastiere et al. [25] distributed 517 patients with surgically curable laryngeal can-
cer, who would have required a total laryngectomy, into three groups, one of which
constituted the arm with a chemoradiation. Local radiation dose was 70 Gy, at the
neck at least 50 Gy. On days 1, 22, and 43, 100 mg/m? cisplatin were given intrave-
nously. The overall survival of this group after 5 years was 54 %, disease-free sur-
vival was 36 %. Speaking problems were found in 6 % of patients after 2 years,
swallowing problems in 15 %. With radiotherapy of 70 Gy and simultaneous che-
motherapy in inoperable, but highly selected patients in the mentioned study of
Calais et al. [24], survival rates of 47 % after 3 years could be reached. In the prin-
cipally surgically curable patients of the mentioned study by Forastiere et al. [25],
survival rates were significantly higher. The concept of “organ preservation” refers,
therefore, nowadays mostly to operable patients with laryngeal or hypopharyngeal
cancers who are treated nonsurgically from functional reasons. A distinct look at
other single cancer localizations is still rare.

In inoperable patients, another main topic of studies has been the fractionation of
definitive chemoradiation [26].

As was previously described, the evolving standard of care has focused on the
concurrent use of (adjuvant or definitive) chemotherapy with more aggressive radio-
therapy; however, patients’ tumors continued to recur locally and/or regionally,
albeit at a diminished rate, and distant metastases have become a major site of fatal
recurrence, while long-term local and acute systemic toxicities have increased. As a
result of these changes in outcomes and a reevaluation of earlier historical data by
meta-analyses, interest in PF induction chemotherapy has reemerged and evolved.
Early investigations concentrated on the question of which induction therapy would
be the best, for example, by adding mitoguazone to PF chemotherapy and custom-
izing definitive treatment according to response [27].

In succession, the Wayne-State scheme was expanded to the most promising sys-
temic induction chemotherapy regimen today, by combining docetaxel, platinum, and
fluorouracil (TPF). Most recently, large randomized studies comparing PF with TPF
have demonstrated markedly superior survival with the three-drug regimen, as will be
delineated. Posner et al. [28] compared TPF plus chemoradiation (weekly carbopla-
tin) versus PF plus chemoradiation in 501 patients with laryngeal, hypopharyngeal,
oropharyngeal, and oral stages III and IV cancers which were mainly resectable but
had low chance of curability and also unresectable. After minimum follow-up of
2 years, median overall survival was 71 versus 30 months, and toxicity was
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comparable; these results were confirmed by a follow-up after 5 years (71 versus
35 months) [29]. Subgroup analysis concentrated on laryngeal and hypopharyngeal
cancer and confirmed the results (laryngectomy-free survival 52 % versus 32 % [30]).

Induction chemotherapy was also increasingly examined in patients with mainly
unresectable head and neck cancer. Ghi et al. [31] compared in 24 patients suffering
from stages III and IV MO carcinomas of the oral cavity, oropharynx, nasopharynx,
or hypopharynx chemoradiation with carboplatin and 5-fluorouracil with induction
by three cycles of TPF (docetaxel 75 mg/m?, cisplatin 80 mg/m?, 5-fluorouracil
800 mg/m?*day continuous infusion for 96 h) plus chemoradiation of the same regi-
men. At the end of the study, patients received only two cycles of PF during radia-
tion. At the end of therapy, the complete remission rate was 62.5 % for chemoradiation
alone (Group 1) and 80 % for induction TPF followed by chemoradiation (Groups
2 and 3), and toxicity was found to be tolerable. Vermorken et al. [32] carried out a
much larger randomized study in 358 patients with stages III and IV unresectable
cancer of the larynx, hypopharynx, oropharynx, and oral cavity. TPF plus radiation
versus PF plus radiation were compared. The TPF regimen consisted of docetaxel at
a dose of 75 mg/m?, administered as a 1 h infusion on day 1, followed by cisplatin
at a dose of 75 mg/m?, administered as a 1 h infusion on day 1, and 5-fluorouracil at
a dose of 750 mg/m? per day, administered by continuous infusion on days 1-5. The
PF regimen consisted of the Wayne-State scheme. Treatment was administered
every 3 weeks. Response to chemotherapy was 54 % (PF) versus 68 % (TPF).
Radiation was administered as conventional fractionation or accelerated/hyperfrac-
tionated regimens up to 66—74 Gy. After median follow-up of 32.5 months, there
was a significant difference in progression-free survival of 11 versus 8.2 months and
in overall survival of 18.8 versus 14.5 months. Toxicity was even less in the triple
chemotherapy, and quality of life was better. The valid conclusion of these trials
was the acceptance of the combination of docetaxel, cisplatin, and 5-fluorouracil
(TPF) as the best polychemotherapy, if systemic induction chemotherapy was con-
sidered. This, however, does not mean that induction chemotherapy with TPF is
necessarily the best method for organ preservation treatment.

Figure 7.1 [33] shows the power of such treatment even in problematic cases: a
65-year-old man suffering from T4bN2c cancer of the maxillary sinus with orbital,
nasal, cheek, and skull base infiltration who was treated with two cycles of TPF (last
one aborted due to general edema) and definitive radiation (without chemotherapy
because of liver disease). Treatment resulted in complete remission; the patient died
several months later due to concurrent disease.

The described TPF polychemotherapy proved to be feasible with a high rate of
treatment compliance with regard to the number of cycles and dose reduction, even
in populations of patients with highly advanced cancers and reduced general state.
Toxicity was generally high (up to grade 4 WHO) but comparable in different stud-
ies [33-35]. Deaths during or after TPF polychemotherapy occurred in many stud-
ies. Neutropenia with consecutive pneumonia or sepsis which became fatal was the
main problem. It is also notable that organizational expense for the therapy and the
nursing of the patients is high. Figure 7.2 gives an impression of the high toxicity of
both TPF and chemoradiation (mucositis, regional alopecia, dermatitis).
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Fig. 7.1 Top: Worm’s view and CT of a 65-year-old man suffering from T4bN2c cancer of maxil-
lary sinus with orbital, nasal, cheek, and skull base infiltration. Below: Complete remission follow-
ing two cycles of TPF and definitive radiation

TPF is now (2015) considered the standard of care for induction chemotherapy in
unresectable disease and in organ preservation, but final judgment is still pending con-
cerning a survival benefit as compared to chemoradiotherapy alone [36]. Induction che-
motherapy followed by chemoradiotherapy, known as sequential therapy, has been shown
to be rather safe and effective. Both TPF induction and sequential therapy are considered
appropriate platforms upon which the new molecularly targeted agents can be tested [37,
38]. Similarly, it is possible to react to the changing epidemiology recognizable by an
increasing number of HPV (human papillomavirus) associated cancers which may be
accomplished by reduced drug dosages in case of HPV-positive cases [39].

7.2  Intra-arterial Induction Chemotherapy in Head
and Neck Cancers

7.2.1 Development of Intra-arterial Chemotherapy in the Head
and Neck

Since Klopp et al. [40] observed after an erroneous injection of nitrogen mustard
into the brachial artery that the resulting local damage (erythema, blistering and
ulcerations on the forearm) healed after a short time, they took courage and for the
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Fig.7.2 Typical high toxicity of both TPF and chemoradiation ((a) mucositis, (b) regional alope-
cia, (¢) dermatitis)

first time treated oral cancer by intra-arterial infusion of nitrogen mustard into the
carotid artery. Sullivan et al. [41] from the National Cancer Institute, New York,
carried on the experimental and clinical research, among others through the intro-
duction of methotrexate and folinic acid as a protective factor. A main problem in
those early days was the high rate of technical complications and deaths. The com-
plications concerned were mainly arterial thrombosis, malpositioning of the cathe-
ters, bleeding, and infection. Most often, an operation was needed for catheterization
with exposure of the vessel to be punctured. Subsequently one of the most common
methods was the retrograde insertion of catheters into the external carotid artery
through the branches more easily reachable, for example, the superior thyroid or
the superficial temporal artery. The perfusion area was stained with patent blue or
disulphan blue as can be seen in Fig. 7.3 [42] where the left lingual artery was aimed
at from a retrograde temporal approach in a patient with T4 cancer of the floor of
mouth and the alveolar rim; a higher selective chemoperfusion, therefore, was not
possible. Adjacent tissue was also perfused via the facial artery, leading to local



7 Induction Chemotherapy in Head and Neck Cancers 81

Fig. 7.3 Left: Patient with T4 cancer of floor of mouth and alveolar rim during staining of lingual
artery from retrograde temporal approach. Note perfusion of adjacent areas via facial artery. Top
right: Local toxicity (desquamative dermatitis) after intra-arterial bleomycin. Below right: Near to
complete local response after 1 week

toxicity (desquamative dermatitis) after bleomycin; local response, however, was
near to complete after 1 week.

With longer duration of infusion, the catheters had to be fixed or port systems
had to be implanted under the skin with subsequent possibilities of dislocation
and risk of infection [43]. This required constant supervision, usually as an inpa-
tient, and catheter adjustment if necessary. Even more complex was an incision
in the neck with a direct dissection of the external carotid, facial, or lingual
artery; to some extent, carotid bypasses with venous grafts, and extensive liga-
tures of carotid branches not needed were carried out to achieve a higher selec-
tive perfusion [44].

As with systemic chemotherapy, combination chemotherapies were used from
the end of the 1960s to achieve a dose reduction with greater anticancer effect and
to get less toxicity. Here, the combination of methotrexate and bleomycin was one
of the most frequently applied [45]. At this time, first experimental investigations
were also carried out concerning pharmacokinetic studies to show the superiority of
intra-arterial therapy as compared to systemic therapy [46].
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Regional chemotherapy in the head and neck area was used by a number of
investigators to treat locally advanced tumors, mainly in Germany, Italy, Hungary,
Japan, the USA, and Australia. At international symposia organized since 1983 (by
Karl Aigner in Germany), progress and problems were discussed. A good overview
of the 1997 status was provided by Eckardt [47]. In an International Workshop on
Intra-arterial Chemotherapy for Head and Neck Cancer, organized by Tom Robbins
in Springfield, IL, in August 2006, investigators from all continents gathered to
define the present state of the art of intra-arterial chemotherapy in the head and
neck.

7.2.2 Pharmacokinetic Rationale of Intra-arterial Chemotherapy

Studies by Harker and Stephens in a suitable animal model, using a spontaneously
occurring keratinizing squamous cell carcinoma on the ear of Australian sheep,
showed that a greater concentration of the infused agent in the tumor region is
achieved with intra-arterial chemotherapy than by systemic application [48]. At the
same time, cisplatin proved to be the chemotherapeutic drug with the greatest
response rate as compared to bleomycin, methotrexate, 5-fluorouracil, and cyclo-
phosphamide [49].

Pharmacokinetic justification of intra-arterial chemotherapy can now be summa-
rized as follows: for each antineoplastic chemotherapeutic agent, systemic exposure
(i.e., AUC = area under the concentration — time curve) and tumor response (or toxic-
ity) are regulated via the maximally tolerated systemic exposure which is defined by
an “acceptable” toxicity with a probability of a certain therapeutic response. The sys-
temic exposure depends on the individual plasma clearance (CL). Regional chemo-
therapy via a tumor-feeding artery obtains a higher exposure to the drug at the target
as compared to a respective systemic exposure and therefore offers the theoretical
possibility of a greater therapeutic response without compromising tolerance. Eckman
et al. [50] defined the following equation for a therapeutic advantage or “drug target-
ing index” (DTI), which describes the relative advantage of a selective intra-arterial
administration of a drug: DTI = 1+CL/Q(1-E)target(1-E)lung (Q = arterial blood
flow to the target tissue, E = extraction of the drug in target tissues and lungs).

The so-called first-pass extraction of the drug in the tumor itself (and in the lungs),
that is, a “retention” of the drug at the first passage through the tissue, results in a
lower systemic exposure but may play a lesser role in relation to the blood stream
[51]. The DTI for various antineoplastic drugs was determined under the assumption
of an application in the common carotid artery with a 0=250 mL/min and under
neglect of the “first-pass extraction.” It showed values of, for example, 17 for 5-fluo-
rouracil and 3 for cisplatin [52] or 4,001 for 5-fluorouracil and 401 for cisplatin under
assumption of a minimal transport based on a low local flow rate [53]. Both drugs
have, as mentioned, a good effect on head and neck squamous cell carcinoma.

The duration of intra-arterial chemotherapy depends, among others, on the phase
specificity of the antineoplastic chemotherapeutic drug. While a long-term infusion
maybe an important factor for the effectiveness in cell-cycle-specific cytotoxic
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agents (e.g., S-fluorouracil), the bolus injection of a certain dose of a cytostatic drug,
which is not cell-cycle specific (e.g., cisplatin), is equivalent to the long-term infu-
sion of the same dose. Both methods can be repeated (= chemotherapy cycles).

7.2.3 Modern Intra-arterial Chemotherapy in Head and Neck
Cancers

Intra-arterial chemotherapy is established in the treatment of liver metastases, usu-
ally from colorectal cancer. During the development of this treatment modality for
the liver, the application of high intra-arterial doses of cisplatin was introduced,
buffered with systemically administered intravenous sodium thiosulfate [54]. This
concept of “two-route” chemotherapy was transferred to the head and neck region.

In patients with head and neck cancer, Robbins et al. [55, 56] found in dose-finding
studies a maximally tolerated dose of intra-arterial cisplatin of 150 mg/m?. This high-
dose chemotherapy broke through resistance [57] and led to high biopsy-determined
tumor concentrations [58, 59]. Cisplatin, in contrast to other chemotherapeutic agents
with theoretically higher DTI, was chosen because sodium thiosulfate, a cisplatin neu-
tralizer [60], can be used as a systemic antagonist. When thiosulfate circulates intra-
venously, cisplatin is chelated and inactivated reducing the half-life of the drug from
66 to 3.7 min [61, 62]. By this method, the plasma clearance is increased and the DTI
is increased. Sensitive areas such as the bone marrow and kidneys are protected from
the toxic effects of the drug, and ototoxicity is reduced [63]. Through the use of
advanced catheter systems via the percutaneous puncture of the femoral artery, it was
possible to infuse the chemotherapeutic agent using coaxial micro-catheters superse-
lectively (mostly in the lingual or facial artery) and safely under angiographic control
[64]. Figure 7.4 [42] demonstrates by images from Frankfurt neuroradiology how
accidental perfusion of anastomoses can be avoided and superselectivity achieved.

These small vessels have a lower blood flow (approximately 120 mL/min), which
makes the denominator of the above equation smaller and therefore the DTI greater.
Therefore, intra-arterial chemotherapy appears to be theoretically ideal for this
localization. Moreover, cisplatin was chosen because due to its extensive phase
unspecificity, a rapid injection was suitable, which could be repeated. Thus, the
sensitivity of the method for complications was further reduced.

By this method, some problems of intra-arterial chemotherapy in the head and
neck area have been addressed. However, it was used by Robbins and others in the
context of an organ-preservation chemoradiation of advanced and recurrent head
and neck cancers of various locations as will be discussed later in this chapter.

7.2.4 Chemoembolization of Head and Neck Cancers

Another method to increase the therapeutic advantage of intra-arterial chemother-
apy is the temporary reduction or stop of the intratumoral blood flow using drugs
wrapped via pharmaceutical technology, that is, microparticulate systems or



84 A.F. Kovacs

Guiding catheter in mq’ﬁllla

s ¥

ry artery

Retromol“ar
tumor area

e
Anastomoses to facial artery \ .. Wrong position of micro-catheter

(¥

Correct position of micro-catheter

Fig. 7.4 Fluoroscopy images demonstrating achievement of superselectivity in intra-arterial
chemotherapy

microcapsules loaded with drugs (“encoated drug microcapsules™) [65], or simulta-
neously applicated (micro-) embolizing agents such as lipiodol [66], which trans-
lates into a longer intratumoral length of stay and larger “first-pass extraction” of
the drug, and leads to micro-infarctions with a planned consecutive hypoxic necro-
sis of the tumor. This method is mainly used in the liver.

The intensification of local chemotherapy by embolization proved in practice to
be difficult in the head and neck region, because the vessels are much smaller in
diameter and occlude immediately after administration of only a small dose of the
embolization agent which may lead to undue necrosis of parts of the face or tongue
in case of complete cessation of blood flow and a corresponding risk to the eyes and
large nerval ganglions via anastomoses.

Chemoembolization must be distinguished from closure of arteriovenous
shunts in advanced and recurrent tumors with microcoils, polyvinyl alcohol, or
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other substances, in order to prevent early discharge (flowoff) of the agent, as a
technical aspect of chemoperfusion to achieve greater selectivity [67]. The occur-
rence of true shunts, however, is rare, making this technique rarely necessary to
employ.

All in all, attempts at embolization of head and neck cancer had been extremely
few until Kovacs and coworkers introduced a routine method described below in
Sect. 7.2.8.

7.2.5 Tumor Platinum Concentrations: A Comparison of Intra-
arterial and Systemic Chemotherapy

Platinum-based drugs are now the most commonly used anticancer agents in the
treatment of head and neck cancers. They have therefore been appropriately
assessed for comparative tumor concentrations. Intratumoral drug levels were
assessed mainly by biopsies. Okamoto et al. [68, 69] found maximum cisplatin
levels from 30 to 150 pg/g wet weight (mainly on the third day) in biopsies per-
formed at 1 h, 3 and 7 days after administration. They were higher than with
nonencapsulated intra-arterial cisplatin. Gouyette et al. [70] measured a mean
platinum content of 2.72 pg/g after intra-arterial administration of cisplatin over
1 h (total dose 100 mg/m?) and achieved remission in 20-30 % of oral and oropha-
ryngeal tumors. The amount of the platinum content in this study was lower after
intravenous chemotherapy. Sileni et al. [71] found higher intratumoral concentra-
tions of platinum after intravenous 4 h infusions (65.4 pg/g) than after intra-arte-
rial 4 h infusion (17.18 pg/g) and attributed this paradox finding to either a
relatively high blood supply to the tumor area, enabling efflux of the surplus free
platinum from the tissue, or by the delay between drug infusion and biopsy. The
total dose of cisplatin was 100 mg/m? but was followed by an infusion of 5-fluo-
rouracil. Biopsies were taken after 48 and 120 h. These platinum levels after intra-
arterial and intravenous chemotherapy achieved two complete remissions in six
patients with T3/T4 tumors. The optimal duration of the infusion/drug dose has
not yet been determined in humans; Jakowatz et al. [72] found in experimental rat
models that prolonged arterial infusions (lasting 24 or 48 h) enable a real increase
of four to ten times in the concentration of cisplatin in tumor tissues (29 pg/mg
tissue for a 48 h intra-arterial infusion and 2.02 pg/mg tissue for a rapid intra-
arterial infusion). Los et al. [58] found values between 3.1 and 4.9 pg/g in most
tumors with a rapid intra-arterial high-dose cisplatin perfusion (200 or 150 mg/
m?) and concomitant intravenous infusion of sodium thiosulfate (9 g/m?, followed
by an infusion of 12 g/m? about 6 h). The levels varied between 0.6 and 50.7 pg/g.
The biopsies were taken 24 h after treatment. Very different tumor localizations of
the head and neck area were treated. Higher remission correlated with higher
platinum levels, but the responses were assessed in most cases after radiotherapy.
The rate of complete remission was reported as 92 %. In dose intensity ranges of
75-149 and 150-200 mg/m*week, total (partial and complete) response rates
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were 72.7 % and 100 % [59]. The patients had been administered four cycles with
parallel sodium thiosulfate infusion. Tohnai et al. [73] measured in lingual resec-
tion specimens of 12 patients shortly after superselective and selective (retro-
grade) intra-arterial perfusion with 20 mg/m? carboplatin, a platinum content of
an average of 10.5 or 4.3 pg/g wet weight, respectively. Yoshimura et al. [74] took
samples of 0.5 mL blood from the border of the tongue 1 and 10 min after com-
mencing and completing intra-arterial infusion of an unknown dose of carbopla-
tin; the carboplatin concentrations in serum were 1 or 10 min after commencing
496 or 698 pg/dL and to the corresponding time points after the ending of the
infusion 52.3 and 14.1 pg/dL.

Tegeder et al. [75] from the Kovédcs group have compared tumor concentrations
of cisplatin by microdialysis in ten patients with oral cancer treated with intra-
arterial cisplatin perfusion (150 mg/m? in 500 mL of 0.9 % sodium chloride) and
six patients with oral cancer treated with crystalline cisplatin embolization
(150 mg/m? in 45-60 ml of 0.9 % sodium chloride), respectively. This method
allowed observation of concentrations over time. The microdialysis catheter was
placed into the tumor and the intra-arterial catheter into the tumor-feeding artery.
Cisplatin was rapidly administered through the intra-arterial catheter. After embo-
lization, cisplatin tumor maximum concentrations were about five times higher
than those achieved after intra-arterial perfusion (54.10 pg/mL versus 11.27 pg/
mL); they also lasted four times longer. Higher remission correlated with higher
platinum levels proving that the effect of chemoembolization was due to the drug
and not to hypoxia.

7.2.6 Diagnostic Measures

Before and after intra-arterial chemotherapy (chemoperfusion or chemoemboliza-
tion), routine staging examinations of the locoregional tumor area such as ultra-
sound, CT, or MRI are recommended in order to make progress comparisons.
Second primaries and foreign metastases must be excluded using panendoscopy,
chest x-ray, abdominal ultrasound, and skeletal scintigraphy. The use of “whole-
body” PET is increasingly replacing these methods. Before the intervention (be it
via open retro-/orthograde or transfemoral approach), a demonstration of the com-
plex vessel anatomy of the head and neck must be defined, usually by DSA (digital
subtraction angiography). Perfusion control was carried out with staining of the
tissue with patent blue, with scintigraphy using radiolabeled tracers, and mostly
with DSA. Recently, a combined CT and angiography system was used which made
sophisticated superselectivity possible [76, 77]. A very interesting novelty is the use
of magnetic particles which can be used as contrast agents and as a drug carrier
system for chemotherapeutics. Thus local cancer therapy is performed with mag-
netic drug targeting and allows a specific delivery of therapeutic agents to desired
targets like tumors, by using a chemotherapeutic substance bound to magnetic par-
ticles and focused with an external magnetic field to the tumor after intra-arterial
application [78, 79].
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7.2.7 Problems of Indications of Intra-arterial Induction
Chemotherapy in Head and Neck Cancers

Rationales for induction chemotherapy in head and neck cancers were listed in
Sect. 7.1.2. For intra-arterial chemotherapy, there exist some special problems:

* As well as local effects, a consequent systemic effect of systemic chemotherapy
is the eradication of micrometastases [80]. Doubts exist about intra-arterial che-
motherapy in this regard [81] although side effects show that free cisplatin
reaches the peripheral organs and it is known that intra-arterial chemotherapy
without a neutralizing agent can reach similar peripheral cytostatic levels [71]. It
is, therefore, a question of objective and respective execution. Recently, clear
evidence of a translymphatic chemotherapeutic effect following local perfusion
was found [82, 83].

e There is criticism that remission blurs the margins of the tumor and leads to a
higher rate of positive surgical margins. Figure 7.5 shows a T2 buccal cancer
(left) demonstrating that even in case of complete remission (right) after 150 mg/
m? intra-arterial cisplatin, there is a scar which can be seen or palpated guiding
the surgeon during resection. The objection was overruled by Koviacs [84] by
comparing the rates of positive margins in a surgery only group (143 patients;
12 %), a group with postoperative chemotherapy (122 patients; 20 %), and a
group with intra-arterial induction high-dose cisplatin (94 patients; 15 %). At the
International Workshop on Intra-Arterial Chemotherapy for Head and Neck
Cancer, August 20-22, 2006, Springfield, IL, Kovacs presented data of 227 oral
cancer patients of all stages operated on following intra-arterial induction with at
least 2 years follow-up, having a rate of 9 % local recurrences in stages I and II
and 15 % in stages III and IV cancers, suggesting that intra-arterial induction is
a local recurrence prophylaxis. These results were, however, possible only due
to radical surgery respecting the original margins.

Fig.7.5 Left: T2 buccal cancer. Right: Complete remission after 150 mg/m? intra-arterial cisplatin
with remaining little visible and palpable scar
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» Stephens pointed out in his contribution to the Hanoverian Symposium in
1997 on intra-arterial chemotherapy in the head and neck area that “the
original failure of regional chemotherapy in cancer treatment in the head
and neck region was because the technique was used predominantly to treat
the most difficult regional cancer problems, which in the head and neck, was
predominantly recurrent cancer” [85]. Surgical and radiation-induced reduc-
tion in vascularization and scars made an impact almost impossible.
Therefore, a preferred application of intra-arterial chemotherapy seemed to
be in the absence of any pretreatment. Moreover, since the initial tumor
remission usually was not of long duration, and, therefore, intra-arterial
chemotherapy in the rarest of cases could be definitive, embedding in an
integrated treatment program with intra-arterial chemotherapy at the begin-
ning (= induction) seemed to be logical. This does not mean that a palliative
tumor therapy using intra-arterial chemotherapy may not be possible and
meaningful.

* Another big problem was the application of intra-arterial chemotherapy in
patients with locally advanced tumors of stages III and IV. The consequence
of this patient selection was a relatively lower rate of complete and partial
remissions, because the chemotherapy-induced tumor remission is dependent
on the tumor mass. Many of these patients have been classified as inoperable,
so that the treatment in most cases had to be classified as intended to be non-
curative (if not combined with radiation). A demonstrable improvement in
survival with induction chemotherapy can only be achieved with inclusion of
primarily operable tumor stages. Since, concerning systemic induction che-
motherapy, there was a relationship between a response of the tumor to che-
motherapy and a favorable prognosis [86], at least 40 % complete remissions
by a primary chemotherapy are needed according to statistical projections to
be able to demonstrate a chemotherapy-related improvement of treatment
results for realistic patient numbers compared to a standard therapy [87]. This
rate can be achieved only in tumors of smaller mass [88], so that also this
logic necessitates the involvement of the tumor stages I and II in studies on
intra-arterial chemotherapy. Two volumetric studies should be mentioned in
this context. Baghi et al. [89] performed MRI volumetry in 50 patients with
advanced head and neck cancer. All patients were to undergo three cycles of
TPF chemotherapy regimen followed by chemoradiation. They calculated sta-
tistically a threshold for pretreatment tumor volume, which was equal to
29.71 cc for patients with complete remission. They concluded that this could
be of prognostic value to stratify patients that may respond completely to
systemic induction chemotherapy. Kovécs et al. [90] performed CT volumetry
in 128 oral cancer patients of all stages before and after one cycle of intra-
arterial cisplatin (150 mg/m2) for induction. Initial median tumor volume of
11.8 cc (range 0.17-211.7 cc) was reduced by 51.7 % to median post-inter-
ventional volume of 5.7 cc (range 0-388.8 cc). Initial volume was reduced in
80.5 % of patients; in 19.5 % post-interventional volume was equal to
the initial volume or increased. In mathematical models, prediction of
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Predicted volume after first cycle

post-interventional volume and the probability of complete radiological
remission could be calculated which proved to depend negatively on high
initial volume, nonoperability, and, especially, high age. Figure 7.6 shows two
of the probability curves demonstrating the dependence between tumor vol-
ume in cc and remission.

In contrast to systemic chemotherapy, the reduction of peripheral toxicity com-
bined with high local efficacy was generally the main aim of intra-arterial che-
motherapy [91], especially important in head and neck cancer patients who often
suffer from other intercurrent illnesses. In multimodality treatment regimens for
advanced cancers, the actual aim of intra-arterial induction chemotherapy has
not necessarily to be complete remission but to restrain the tumor in its local and
possibly metastatic aggressiveness before radical surgery and/or chemoradiation
without the very high side effects of systemic chemotherapy so that the following
straining definitive modalities can be carried out with a high patient- and
treatment-related compliance. Early response even without complete remission
in contrast to stable disease might offer the chance to distribute patients to differ-
ent treatment regimens via use of well-tolerated intra-arterial chemotherapy as
prognostic marker.

Furthermore, it is essential to the meaningful evaluation of results of a cancer
treatment that only one tumor entity is investigated. Under the summary descrip-
tion of “head and neck cancer,” a multitude of tumor localizations are hidden. In
terms of intra-arterial chemotherapy, it is particularly problematic to compare
tumors which have very different volumes within the same tumor classification
such as the tongue and larynx. It is immediately apparent that here consistent
comparisons cannot be drawn.

Model 3: Prob. for Tumor Vol. 0 after
Model 3: age <= 55, operable 1 cycle

o
(=]
|
-
=]
|

---age <=55
— age >55

o
o
|
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| |
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|

o
=]

0.1 0.51.0 50100 50.0
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Fig. 7.6 Probability curves demonstrating dependence between tumor volume in cc and remis-
sion after 150 mg/m? intra-arterial cisplatin. Left: Quantiles (solid lines, median; dashed line, 0.25-
and 0.75-quartiles; dotted lines, 0.05- and 0.95-quantiles) for volume. Right: Estimated probability
of complete radiological remission (tumor volume = 0)
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7.2.8 Clinical Trials with Intra-arterial Induction Chemotherapy
(Chemo Infusion) in Head and Neck Cancers

Table 7.1 gives a near to exhaustive overview on clinical studies using intra-
arterial induction chemotherapy with drug solutions in the head and neck. It can
be seen that initially retrograde cannulations of the temporal superficial artery,
open catheterizations in the neck with ligatures of the branches of the external
carotid artery, or port systems were common to perfuse the tumor region often
over extended periods of time when induction use with curative intention was
intended. An excellent presentation of catheter-related complications of the con-
tinuous infusions of the retrogradely cannulated temporal superficial artery was
given by Molinari et al. [125], in whose clinic in Milan, intra-arterial chemo-
therapy has been used since 1971. Two hundred and sixty-eight patients had been
treated with an intra-arterial chemotherapy in 297 attempted cannulations. Eleven
percent of cannulations were not successful. Other complications consisted of
catheter occlusion or dislocations (8 %), local inflammation (15 %), and neuro-
logical disorders (4 %) like a temporary facial paralysis. Interruption of treat-
ment (= continuous infusion) occurred in 20 % of cases. Overall, a “useful”
therapy could be achieved in 85 % of cases. Hematological acute side effects
were rarely associated with the drugs methotrexate, bleomycin, adriamycin, and
cisplatin (2.8 %). Frustaci et al. [126] reported an injury of cranial nerves with an
incidence of 6.3 %.

Compared to this approach, the superselective angiography-controlled display
and infusion of the tumor-feeding vessel since the late 1970s [127] opened new
perspectives in terms of higher response rates through targeted drug delivery and
less technical complications. Via transfemoral access and using coaxial micro-
catheters, chemotherapy could be given safely and without major vascular irritation
in a short time. Precondition for a short time of perfusion was the realization that in
the most effective chemotherapy drug for head and neck cancer, cisplatin, the bolus
administration was possible also in the regional usage, and peripheral neutralization
allowed very high doses. In case of multiple arterial pedicles to the tumor, all of
them could be reached superselectively by this technique. Administration could be
repeated easily.

Table 7.1 shows exactly the drug dosages and administration schemes to give an
impression of the width but also somewhat anarchic diversity of clinical investiga-
tions. Sixteen (16) trials had less than 50 patients. Randomized studies are listed in
bold types.

The mentioned diversity of these clinical trials using intra-arterial induction che-
motherapy regimens with respect to the number of patients, whether previously
untreated or recurrent cancers, the tumor stages, schemes, drugs, dosages, types of
cannulation, and relevant results allows only a few valid conclusions, that is:

» That local clinical response rates of 50-99 % and local clinical complete remis-
sion rates of 4-48 % were achieved at the end of a respective intra-arterial induc-
tion regimen
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* That complete pathological remissions of the tumors were demonstrated in about
16-25 %

¢ That local and systemic toxicity and complications of the transfemoral superse-
lective approach were extremely few (no measurable toxicity in about 20 % of
cases!)

e That compliance was very high (up to 100 %) and no increase in surgical or
radiation-induced complications was to be feared

Figure 7.7 shows complete remissions after one course of intra-arterial chemo-
perfusion with 150 mg/m? cisplatin peripherically neutralized with sodium
thiosulfate.

Fig. 7.7 Three examples of complete remissions of oral cavity cancers after one course of intra-
arterial chemoperfusion with 150 mg/m? cisplatin, respectively. No side effects
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Intra-arterial Induction Chemotherapy and Survival Advantage

With respect to survival, randomized studies have to be examined because accord-
ing to the contemporary conviction, only they can produce level 1 evidence. These
demonstrated a survival benefit for oral cancer patients. Richard et al. [108] could
demonstrate a survival advantage for 112 operable patients with floor of the mouth
cancer after preoperative intra-arterial treatment with bleomycin and vincristine
over 12 days, however, not for patients with oropharyngeal cancer. Only the oropha-
ryngeal cancers got systematically postoperative radiation, the floor of the mouth
cancer patients depending on the status of the margins after surgery and the lymph
node status. Among the four randomized trials, in addition to that of Richard et al.
[108], also Arcangeli et al. [98] showed a survival advantage in patients with oral
cancer, which have been treated with intra-arterial induction methotrexate prior to
definitive radiotherapy. From these results, the prognostic difference between the
different localizations of head and neck tumors clearly emerges.

The difference to preoperative radiation lies in the minimal side effects of intra-
arterial chemotherapy and in the preserved possibility of a full-dose radiation. The
two modalities were only once compared to each other in a randomized way [116].
The survival rates were practically the same after a preoperative intra-arterial che-
motherapy and preoperative irradiation with 46 Gy. The authors nevertheless
stressed the higher quality of life after intra-arterial chemotherapy as compared to
radiotherapy. Wound healing after surgery was not disturbed, and chronic side
effects of radiation like xerostomia were lacking.

Kovécs and coworkers [42, 115, 119, 120, 128—130] were the only investigators
so far to include consequently also small tumor stages into populations treated with
intra-arterial induction chemotherapy and to concentrate on one tumor site (oral
cavity, anterior oropharynx). This was a corollary of the abovementioned random-
ized studies and prerequisites for a successful induction treatment (one tumor local-
ization, tumors of smaller volume, higher rates of complete responses). At the
International Workshop on Intra-Arterial Chemotherapy for Head and Neck Cancer,
August 20-22, 2006, Springfield, IL, Kovics presented results on 406 patients with
previously untreated primary oral and oropharyngeal carcinomas (30 % stages I and
IL, 70 % stages III and IV), treated between 1997 and 2005 and having an overall
response rate of 43 % following one intra-arterial intervention. Patients underwent
a complex multimodality regimen starting with intra-arterial chemotherapy, fol-
lowed by surgery and adjuvant chemoradiation with docetaxel [131, 132]. Allocating
patients according to their treatment-related compliance (operability/nonoperabil-
ity, contraindications to radiation and/or docetaxel) resulted in several groups with
multimodality treatment. These were statistically examined and compared [42]. For
the group with all modalities (94 patients), at a median follow-up of 4 years, the
S-year survival rate was 80 %, and disease-free survival was 73 %. Among patients
with advanced disease (stage IIl and 1IV), survival was extremely favorable with
83 % and 59 %, respectively [133]. In 52 patients with resectable cancers of stages
I-1V and no adjuvant radiation, the 3-year overall and disease-free survival was
82% and 69 %, respectively, and at 5 years 77 % and 59 %, respectively [119].
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Results were compared favorably with a treatment-dependent prognosis index
[134], which is of more value than a historical comparison. Acute and long-term
toxicity of intra-arterial induction chemotherapy was insignificant [135]. However,
a new randomized trial comparing intra-arterial induction chemotherapy plus sur-
gery with surgery alone remains to be studied in oral cavity and oropharyngeal
cancer, just as randomized studies comparing systemic and intra-arterial induction
chemotherapy are lacking.

Intra-arterial Induction Chemotherapy, Prognosis, and Treatment
Stratification

It was unclear until recently, however, whether the assumptions on the relationship
of remission and prognosis following systemic induction chemotherapy were true
as well for intra-arterial induction chemotherapy. Kovécs [136] could prove a strong
prognostic relevance of response to intra-arterial high-dose cisplatin for induction
irrespective of stage and consecutive treatment in 187 unselected consecutive
patients with previously untreated oral and oropharyngeal carcinomas. This treat-
ment was followed by surgery and adjuvant concomitant chemoradiation. Thus,
induction chemotherapy could help in stratifying further treatment. Figure 7.8 dem-
onstrates the significant difference between overall survival (Kaplan—-Meier) com-
pared with degree of response (CR, complete response; PR, partial response; SD,
stable disease; PD, progressive disease).

The same idea was followed by Benazzo and Bertino et al. using high-dose car-
boplatin in advanced cancers [117, 118] who customized their treatment according
to the response: Complete responders or partial responders had radiotherapy;

100% +
90% A
80% A
70% A

Cumulative survival
B 01 D
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Fig. 7.8 Significant difference between overall survival (Kaplan—-Meier) in relation to degree of
response (CR complete response, PR partial response, SD stable disease, PD progressive disease)
after 150 mg/m? intra-arterial cisplatin
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nonresponders with resectable disease underwent surgery on the tumor site and/or
on the neck nodal metastases followed by radiotherapy; nonresponders with unre-
sectable disease underwent palliative radiotherapy. Intra-arterial chemotherapy
thus functions as selection for organ preservation. Figure 7.9 [123] shows a 51-year-
old patient suffering from a left tongue base cancer T4cN2b (top) who underwent
three courses of intra-arterial cisplatin (150 mg/m?) resulting in local complete
remission. Definitive radiation succeeded in 9-year relapse-free survival (below).
Another good example for organ preservation is presented in Fig. 7.10 (courtesy
Frankfurt neuroradiology): A 49-year-old woman with histologically proven carci-
noma of the left sphenoid sinus (1998, left) was treated with two courses of 150 mg/
m? intra-arterial cisplatin and remained progression-free for at least 7 years (right).
Recent reports about the intra-arterial treatment of head and neck carcinomas
return to long-time continuous infusion by using an improved retrograde approach
or an implantable port-catheter system and a portable pump. A Japanese group
[137] treated T1/2 lip cancers with intra-arterial chemotherapy via the superficial

Fig. 7.9 Top: Intraoral view and CT of a 51-year-old patient suffering from left tongue base can-
cer T4cN2b. Below: Same patient and CT 9 years later; three courses of 150 mg/m? intra-arterial
cisplatin and definitive radiation resulted in local complete remission and relapse-free survival
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Fig.7.10 Left: CT of a 49-year-old woman with histologically proven carcinoma of left sphenoid
sinus. Right: CT of same patient 7 years later; complete remission and progression-free survival
following two courses of 150 mg/m? intra-arterial cisplatin

temporal artery, instead of an operation, so the intention here was similarly surgery-
saving as, for example, a photodynamic therapy. The same did Nakasato et al. [138]
for all stages of oral cancer (49 patients). Again, the chemotherapy was carried out
continuously over time. A superselective catheterization was successful in only
69 % of patients. By a Taiwanese group, methotrexate (50 mg/day) was continu-
ously infused to the external carotid artery for a mean period of about 7 days, fol-
lowed by weekly bolus of methotrexate (25 mg) via intra-arterial route for a mean
period of around 10 weeks. Results were so good with complete long-time remis-
sions of 100 % and minimal to none catheter-related complications or side effects
that surgery was avoided (organ preservation) [139, 140]. With better technique for
retrograde cannulation succeeding in real superselective drug application, continu-
ous infusions may experience a renaissance. Fuwa et al. [141] used both approaches
concluding that the puncture of the superficial temporal artery may be favored by
elderly patients. A comparison of multiple-shot and continuous intra-arterial infu-
sions is lacking.

7.2.9 (Clinical Trials with Intra-arterial Induction Chemotherapy
(Chemoembolization) in Head and Neck Cancers

Table 7.2 gives an exhaustive overview on clinical embolization trials in head and
neck cancers. Note the usually very small study groups (less than 50 patients except
in two trials). They mostly come from Japan and China.

The type and size of the particles used were as follows. Okamoto et al. [68, 69]
administered ethyl cellulose microcapsules with an average size of 396 nm using
femoral catheterization to the lingual or maxillary artery. This treatment was given
as adjuvant treatment following a combination treatment of preoperative chemora-
diation and surgery. In 1998, long-term results were advantageous as compared to
combination therapy alone [149]. Kato et al. [65] from the same study group
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integrated the experience with 1,013 patients from 1978 to 1992, of which 28 were
head and neck patients. Various chemotherapeutic agents encapsulated in ethyl cel-
lulose were administered in this period; the maximum size of the capsules was
225 pm. Tomura et al. [142, 143] used carboplatin ethyl cellulose microcapsules of
similar size.

One of the Chinese attempts to use chemoembolization in this area was the treat-
ment of tongue cancer with cisplatin-loaded albumin microspheres with an average
size of 56 pm administered into the surgically exposed lingual artery [144]. Song
et al. [150] reported about diverse treatments including chemoembolization in 11
patients. However, the article is in Chinese, and the abstract does not give sufficient
information. Li et al. [146] used transfemoral approach for a polychemotherapy
regimen combined with embolization using gelatin sponge which was administered
into branches of the external carotid artery. The article mainly dealt with histologi-
cal changes in the tissue. Interesting are the articles of He et al. [147, 151] who used
carboplatin ethyl cellulose microcapsules with an average diameter of 214 pm
(range: 40-300 pm) in 78 patients in the period between 1993 and 2006. They
examined lingual artery specimens finding an occlusion at the fifth to the sixth
branches level of the deep lingual artery. This did not cause complete necrosis of the
tongue body; however, as is shown in photographs, large embolized areas of the
tongue showed a separation due to necrosis. Russian reports using coils and gelatin
sponges treated patients with palliative intention; main rationale was the cessation
of tumor bleeding, which succeeded well as reported [145, 148].

According to this body of literature, a total of only 303 head and neck cancer
patients have been treated with embolization protocols over a period of nearly
25 years and, out of these, more than 100 patients in the 5 years of 2000-2004. This
was possible because Kovdcs and coworkers succeeded in finding a way to make
chemoembolization a routine procedure in head and neck cancers by creating a
cisplatin suspension which has the antineoplastic and embolizing properties com-
bined. The preparation method is described in several publications [42, 120, 128—
130]. Lyophilized cisplatin (maximum 300 mg) was reconstituted with 0.9 %
sodium chloride leading to a yellow mixture with a final concentration of 5 mg/
mL. This preparation method results in a monocomponent, a highly concentrated
aqueous suspension of cisplatin (maximum 60 mL) with precipitation of crystals.
The physicochemical properties (e.g., PtPt distances, molecular vibration analyses)
of cisplatin crystals which did form in frozen solutions have been previously
described elsewhere [152]. The stability of the cisplatin complex is pharmacologi-
cally assured in a suspension because of the high concentration of sodium chloride.
The resulting fluid is a 5.4 % sodium chloride solution. Hypertonic sodium chloride
solutions reportedly do not have an effect on pharmacokinetics of cisplatin [153].
The osmolality is supposedly higher than in an aqueous solution (about 285 mOsm/
kg [154]) but cannot be measured exactly because of the presence of crystalline
precipitates. Theoretic osmolality of the described suspension as calculated approx-
imately is 2,130 mOsm/kg. Microscopic assessment of particle diameters in the
aqueous crystal suspension of cisplatin showed rod-shaped crystals measuring
3 x 8 pm; regular clumping of these crystals formed particles measuring 30 x 50 pm.
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Ratio of small to large particles was 100/1. In solutions where precipitates did form,
redissolution occurred very slowly with warming back to room temperature [155].
At 40 °C, the time of redissolution was about 20-30 min [156]. Due to this formula-
tion, up to 300 mg cisplatin could be administered with extremely high remission
rates.

Figure 7.11 [130] demonstrates chemoembolization with the described suspen-
sion; a left floor of mouth cancer with blush in fluoroscopy via the sublingual artery
(left) cannot be visualized after superselective embolization (right).

Chemoembolization resulted in typical local side effects (pain, swelling) and leu-
kocytosis, that is, clear symptoms of a post-embolization syndrome. This concerned
mainly patients with tongue cancer, in whom quite unpredictable swelling of vary-
ing degrees could occur in the first post-interventional days. To avoid risk of suffo-
cation, best suited areas for use are the anterior tongue, the floor of mouth, and the
mandibular gingiva. In case of anastomoses to the skin, atopic necroses of small
skin areas at the chin and cheek occurred. Temporary unilateral facial paralysis had
to be included to the severe complications (6 %). Systemic toxicity was negligible.

Figure 7.12 demonstrates typical chances and problems of chemoembolization:
a T2 sublingual cancer can be seen (top left); treated via the lingual artery, the tumor
typically emerges the third day among small epitheliolyses and necroses before
remission due to drug effect starts (top right); below side effects are demonstrated
like swelling, atopic skin necroses, and not intended target necroses due to hypoxia
in case of very small vessels which nevertheless usually result in good healing and
function.

The particle size is of utmost importance for chemoembolization in head and
neck cancer because embolization effects are questionable in particle sizes in the
nanometer range and, if at all present, only pause briefly [157], so that the intra-
arterial administration of paclitaxel-albumin nanoparticles with a size of 150-
200 nm in patients with cancer of the head and neck cancer and the anal canal
reported by Damascelli et al. [158] has not been described as chemoembolization by
the authors.

Fig. 7.11 Left: Left floor of mouth cancer with blush in fluoroscopy via sublingual artery. Right:
Same area cannot be visualized after superselective chemoembolization with cisplatin suspension
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Fig.7.12 Top left: T2 sublingual cancer. Top right: Following chemoembolization using cisplatin
suspension via lingual artery, small epitheliolyses and necroses can be seen during remission.
Below: Possible side effects of chemoembolization like swelling, atopic skin necroses, and target
necroses due to longer lasting hypoxia (from left to right)

Only recently it was demonstrated in the rabbit model on VX2 tumors of auricles
that particle sizes of between 40 and 60 pm are recommended for the embolization of
head and neck cancer [159]. Kovacs and Turowski [130] tried an application of a
cisplatin/DSM-mix (DSM = “degradable starch microspheres™) which led to an early
complete vascular blockade by embolization causing increased local swelling and
pain. By this method, only between 10 and 25 mg cisplatin could be administered
together with DSM; the rest had to be discarded. DSM has a diameter of 45 pm and
has been chosen because the risk of extensive necrosis of the tumor surrounding tissue
was lower; as other agents, occluding the blood vessels for a long time and being
nondegradable such as polyvinyl alcohol appeared to be too dangerous in the oral
region. Nevertheless, a limited necrosis of the tumor and surrounding tissue as a result
of temporary ischemia was perfectly desirable. The DSM chemoembolization showed
no advantage in terms of response and toxicity as compared to the cisplatin crystal
suspension and has been abandoned. The trials of He et al. [147, 151] with microcap-
sules of 214 um diameter suggest a complete occlusion of vessels with a foremost
necrotizing (and not an antineoplastic) effect. Figure 7.13 gives an impression of the
embolizing agents used: top left a carboplatin microcapsule (diameter about 150 pm,
%644 [147]), top right degradable starch microspheres (diameter 45 pm, x1,400, cour-
tesy PharmaCept GmbH Berlin), down left a drop (12x7 mm) of the aqueous cispla-
tin suspension [42], and down right a microscopy of that suspension [42] showing
rod-shaped cisplatin crystals forming precipitate clumps (diameter 30 x50 pm, x400).
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Fig.7.13 Embolizing agents. Top left: Carboplatin microcapsule (diameter about 150 pm, x644;
[147]). Top right: Degradable starch microspheres (diameter 45 pm x 1,400, courtesy PharmaCept
GmbH Berlin). Down left: Drop (12x7 mm) of aqueous cisplatin suspension as described by
Kovécs [42]. Down right: Microscopy of same suspension showing rod-shaped cisplatin crystals
forming precipitate clumps (diameter 30 x50 pm, x400)

As compared to monocomponent chemoembolization, the preparation of microcap-
sules is complicated and expensive. More than 900 % of wrapping material may be
necessary in comparison to the antineoplastic agent; the patient’s body is stressed with
additional substances. Advantages are a good reproducibility of the product with a good
control of the particle diameter and a pharmacologically adjusted time of the release of
the drug. Other embolization agents such as polyvinyl alcohol and lipiodol or albumin
must also be produced first, paid for, and procured and would cause regular uncontrolled
necrosis when injected into the facial or lingual artery. Besides that, lipiodol and other
viscous substances have little effect outside of the liver because of their viscosity.

7.3 Intra-arterial Chemoradiation in Head and Neck
Cancers

Although not induction therapy, the combined use of intra-arterial chemotherapy
and radiation should be considered. The idea of combining these two modalities is
not new as can be imagined from the initial remarks on systemic chemoradiation.
The idea behind this approach was the presumed higher locoregional impact of this
treatment combined with less toxicity. Table 7.3 gives an overview on 25 years;
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again, the evolution to superselective multiple-shot administration of drugs is as
evident as the diversity of treated tumor localizations.

Some trials used this kind of chemoradiation as induction before surgery [162,
164]; again, it cannot be said whether high response rates translate into longer sur-
vival time as compared to systemic chemoradiation. The most comprehensive trial
sequence of intra-arterial chemoradiation was conducted by Robbins and coworkers
[55, 56, 64, 163, 166, 170, 172]. They succeeded in accruing enough patients for
valid statistical evaluation and maintained a consistent reproducible method. Results
were impressive with regard to all possible end points, even in multicenter studies.
Having started as treatment for unresectable patients, intra-arterial chemoradiation
was developed as a regimen for organ preservation.

The long-awaited results of the prospective randomized comparison between sys-
temic and intra-arterial chemoradiation carried out by the Netherlands Cancer Institute,
however, could not prove a significant advantage of intra-arterial chemoradiation with
respect to survival [173, 174]. Although significantly fewer problems with nausea and
vomiting occurred in patients treated with intra-arterial chemoradiation [175], the
interventional time and effort of intra-arterial chemotherapy as compared to the simple
intravenous procedure seems to tip the scales in favor of intravenous chemoradiation.
At the International Workshop on Intra-Arterial Chemotherapy for Head and Neck
Cancer, August 20-22, 2006, Springfield, IL, procedural divergencies to the original
Robbins method were accused to have lessened the impact of intra-arterial chemora-
diation. The clinical investigations are still developing. Two interesting alternatives
must be mentioned: the use of hyperfractionated radiation [167, 171] and systemic
chemotherapy [141] together with intra-arterial chemotherapy. No final conclusion can
be made at the moment. With respect to the high response rates, it has to be stressed
that they are the result of both radiation and intra-arterial chemotherapy.

Many reports on Japanese trials with other intra-arterial drugs like carboplatin,
nedaplatin, pirarubicin, or docetaxel in combination with radiation cannot be judged
correctly in most cases due to the language barrier; however, it seems clear that Japan
belongs to the countries with the highest experience with intra-arterial chemotherapy
[176-182]. There are also variations of the prototypic Robbins method with reduced
doses of cisplatin [183, 184]. The diversity of drugs makes an assessment of the meth-
ods nearly impossible; there is hope that Japanese investigators will be able to conduct
arandomized trial concentrating on one method with respect to intra-arterial drug and
dosage and one tumor localization (e.g., maxillary sinus cancer), so that a valid con-
clusion will be possible. They should also be able to gather large study populations
necessary for valid statistics. First attempts to do so are on the way [185].

7.4 Treatment of Recurrent Cancers and Palliation of Head
and Neck Cancers with Intra-arterial Chemotherapy

The scientific examination of cancers which have already been treated (recurrences)
poses difficulties because of the usual diversity of pretreatment which makes the
collection of comparable patient populations nearly impossible. Therefore, reports
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on intra-arterial chemotherapeutic treatment of recurrent cancers in the head and
neck are rare and mixed with treatment of advanced unresectable primary disease
[102, 186] or can be pooled with palliation treatment.

Falliation of head and neck cancer patients with intra-arterial chemotherapy
must be mentioned because it proved to be extremely effective and useful in the
treatment of incurable patients [186—191]. These reports on patient populations
between 8 [191] and 64 [186] patients suffering from advanced inoperable primary
or recurrent cancers of the head and neck demonstrated high overall response rates
between 23 % [189] and 87 % [187] and complete response rates between 9 % [189]
and 20 % [187]. In such patients with mainly pretreated recurrent disease, even to
stabilize the disease must be counted as a success which is achieved in nearly all
cases. Drugs used were methotrexate and bleomycin in the 1970s, mostly with con-
tinuous infusion over several days via retrograde approach, and carboplatin plus
5-fluorouracil with port systems and continuous infusion [188] or “two-route” che-
motherapy (intra-arterial cisplatin with transfemoral approach and systemic sodium
thiosulfate) [186, 191] in the 1990s. Toxicity was very low with this technique
which gave the possibility of repeating administrations up to seven times.

The 55-year-old patient in Fig. 7.14 suffered from a cancer of the left maxillary
sinus which was operated on but relapsed in the frontoorbital area and the anterior
skull base. The aspect, smell, and bleeding of the tumor completely prevented the
patient from arranging personal matters.

Three monthly repeated superselective interventions reduced the tumor to 17 %
of its volume before commencing palliative treatment. The patient was able to lead
a social life free from pain or discomfort.

After the fifth repetition, the tumor started to become refractory and the patient
died 9 months after relapse.

In such way, the author could care for patients over several months, sometimes
even several years, by administering several interventions in shorter or longer inter-
vals, depending on the speed of progress. Already Donegan and Harris [187] noted
that remission lasted for up to 13 months. These remarkably good results of pallia-
tion with the “two-route” chemotherapy were confirmed by Yokoyama [192] with
repeated weekly administration (preservation of eye and larynx). Russian reports on
chemoembolization using coils and gelatin sponges also concerned patients treated
with palliative intention to reduce tumor bleeding [145, 148].

Intra-arterial chemotherapy used with palliative intent can be considered inductive
when followed by additive treatment (most often radiation). Two clinical studies on
patients with unresectable head and neck cancer [93, 103] have already been presented
in the section on induction chemotherapy. Rohde et al. [186] from the Kovécs group
also added radiation in 33 of 64 incurable patients whose general physical condition
was good enough. Kaplan—Meier analysis revealed 1-year survival rates of 41 % for
patients with combined treatment and 21 % after intra-arterial chemotherapy alone
(P<0.05) and 2-year survival of 25 % versus 14 %, respectively (nonsignificant).

It cannot be stressed enough that intra-arterial chemotherapy should be consid-
ered whenever possible in recurrent cancers already treated by surgery or radia-
tion. For 10-20 % of patients, a long-lasting remission can be achieved.
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Fig. 7.14 Top: A 55-year-old patient suffering from a relapse of cancer of left maxillary sinus in
frontoorbital area and anterior skull base. Below: Three monthly repeated super-selective interven-
tions (150 mg/m? intra-arterial cisplatin) reduced tumor to 17 % of its volume
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Conclusion

While systemic induction chemotherapy has proven an advantage in large trials
for unresectable head and neck cancer and in case of larynx preservation, intra-
arterial chemotherapy should have an even greater potential, but this has not yet
been proven. However, it has known high merits in palliation of advanced and
recurrent cancers but is used much too rarely, and available data indicate that it
should now be considered for induction of resectable cancers of the oral cavity
and anterior oropharynx. Intra-arterial chemoradiation is as effective as systemic
chemoradiation and offers a better quality of life. As an important and carefully
examined part in the armamentarium of anticancer tools, intra-arterial chemo-
therapy should be used in daily routine and considered for future trials.
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Isolated Thoracic Perfusion with Carotid
Artery Infusion for Advanced

and Chemoresistant Tumors

of the Parotid Gland and Tonsils

Karl Reinhard Aigner, Emir Selak, and Rita Schlaf

8.1 Introduction

Although only few patients with advanced cancers of the parotid gland and tonsils
are described in this chapter, the results of the new approach in using regional che-
motherapy have been so dramatic and encouraging that this limited experience is
included in this book.

Regional chemotherapy has many facets and implies that the adequate mode of
application is performed. Good results are jeopardized when intra-arterial infusions
are performed after the vascular supply has been interrupted or extremely reduced
by scars from prior surgery or connective tissue and vascular fibrosis from irradia-
tion [1] or when the tumor had invaded tissues beyond the territory of selective or
superselective catheterization.

The theoretical advantage of intra-arterial drug delivery is most evident [2, 3]
clinically; it was investigated in numerous clinical studies [1, 4—11]. In the last two
decades, chemoradiation gained a firm position in treatment protocols [12—15], and
supradose intra-arterial cisplatin infusion achieves a fundamental improvement
with regard to increased drug exposure. Actually, the best results in terms of local
tumor control have been achieved when chemotherapy has been applied concomi-
tantly with irradiation although there is increased risk of intensified damage to adja-
cent tissues. In extremely huge tumors, however, irradiation can hardly be applied,
and chemotherapy alone is not efficient enough to induce substantial remission.
Since in intra-arterial chemotherapy all of the advantages occur within the time of
the first pass through the tumor bed, as once the drug is diluted in the venous drain-
age of the tumor area, subsequent tumor exposure of the recirculating blood will be
equivalent to systemic administration. A reduction of the circulating blood volume,
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however, may further increase the overall local drug exposure. The question is
whether it is possible to induce optimal immediate and long-term results and good
quality of life without mutilating side effects.

8.2 Material and Methods

The method described herein is performed as ultimate ratio in patients with huge
and non-resectable tumors of the head and neck area that are no longer responsive
and are in progression after or during systemic chemotherapy or where the only
remaining option was mutilating surgery and irradiation.

The isolated thoracic perfusion (ITP) technique that is applied can be considered a
segmental intra-arterial chemotherapy of the isolated head and neck and chest area
with a reduced blood volume of one-third or one-fourth of the total body blood vol-
ume. Reduction of the circulating blood volume is achieved by means of balloon
blocking of aorta and vena cava at the level of the diaphragm. The three-channel bal-
loon catheters are introduced after exposing the femoral artery and vein in the groin.
The patient is fully heparinized. For administration of chemotherapeutics, an angio-
graphic sidewinder catheter is proceeded in Seldinger’s technique from the contralat-
eral femoral artery into the tumor feeding common carotid artery. Both upper arms are
blocked with pneumatic cuffs. After correct positioning of the angiographic catheter,
the vena cava balloon is blocked first in order to further reduce the intrathoracic blood
volume. Under continuous monitoring of the aortic blood pressure, the aorta is blocked
at a pressure of 75-80 mmHg, which immediately adapts and rises to some 100 mmHg
shortly after the aorta has been blocked (Figs. 8.1 and 8.2).

Vena Cava Baloon .

Fig.8.1 Balloon blocking
of aorta and vena cava
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Chemotherapeutics are infused over 5-10 min, depending on the total dose, into
the carotid artery. Vascular isolation of the chest is maintained over 15 min.
Subsequently, the vena cava and aortic balloon are deflated first and the upper arm
cuffs thereafter. At this point, chemofiltration is started at a flow rate of 500 mL/min
with a filtrate flow of 80-150 mL/min (median 100 mL/min). After substitution of
4 L of filtrate, the catheters are removed and the vessels repaired with running
sutures.

8.3 Patients

Two patients with huge cancers of the parotid gland that were in progression during
systemic chemotherapy and one patient with advanced cancer of the tonsil and
mediastinal lymph node metastases underwent isolated thoracic perfusion with
carotid artery infusion.

The first patient was referred because of repeated bleedings of an advanced che-
moresistant tumor of the right parotid gland (Fig. 8.3). He received a total of three
courses of isolated thoracic perfusion with subsequent chemofiltration (ITP-F),
where the drugs were infused through the angiographic carotid artery catheter. The
total dose administered with each cycle was 100 mg of cisplatin and 20 mg of mito-
mycin at an infusion time of 7 min each. Thoracic isolation perfusion time was
15 min. The tumor responded clearly to the first course of isolated chemotherapy,
revealing substantial shrinkage (Fig. 8.4). After three therapies in 3-week intervals,
the residual tumor was resected (Fig. 8.5).

The second patient suffered from a left-side parotid gland cancer with a bulky
metastasis on the left side of the face. He was in progression after systemic chemo-
therapy with 5-FU and docetaxel (Fig. 8.6). In addition, there were disseminated
lung metastases. After three cycles of isolated thoracic perfusion (ITP-F) with
carotid artery infusion of 100 mg of cisplatin and 30 mg of mitomycin, the residual
tumor was resected. Nine months after regional chemotherapy, there was local
relapse but no progression of lung metastases (Fig. 8.7).

The third patient suffered from an advanced cancer of the left tonsil (Fig. 8.8)
with a bulky and prominent local lymph node metastasis at the neck, adjacent to
the primary tumor. In addition, there were three suspicious lesions in the medi-
astinum. The entire soft palate was rigid and immobile. As a professional musi-
cian, he was unable to play on his saxophone because of escaping air via the
immobile, not closing soft palate. After implantation of a Jet Port Allround
catheter (PfM Cologne, FRG) in both carotid arteries, a total of four isolated
thoracic perfusions with chemofiltration (ITP-F) were performed in 4-week
intervals each. The drug combination infused via the Jet Ports in 7 min each
during isolation perfusion consisted of 100 mg of cisplatin and 20 mg mitomy-
cin. Two weeks after the first isolated perfusion, the patient started to play his
instrument again. After four cycles, he was in a complete remission (Fig. 8.9),
actually completing 5 years without relapse or complaints. He never suffered
toxicity or side effects.
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Fig.8.2 Sidewinder
catheter in common carotid
artery

Fig.8.3 Advanced
chemoresistant tumor of the
right parotid gland

8.4 Discussion

Because the term “regional chemotherapy” is used to describe a number of different
approaches, it is important that details of the particular approach used are made
clear. Whether or not the result is positive in terms of response and survival time or
whether pitfalls and failures are encountered strongly depends on how the treatment
has been carried out [1]. The type of catheters, technique of catheter placement,
selection of the arterial access, drug exposure in terms of dosage, drug concentra-
tion, and infusion time may promote or jeopardize the outcome.
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Fig.8.4 Same tumor

3 weeks after first isolated
thoracic perfusion with
common carotid artery
infusion of CDDP and
mitomycin

Fig.8.5 Resection of
residual tumor after three
courses of isolated thoracic
perfusion

In the three cases reported herein, isolated thoracic perfusion was chosen from
the clinical aspect because one patient already had lung metastases and one had
lymph node metastases in the mediastinum. In the other case, lung metastases could
not be entirely excluded, and from the pharmacodynamic aspect, isolated thoracic
perfusion was chosen in order to reduce the circulating blood volume and therefore
create a better second- and third-pass effect with prolonged augmented drug expo-
sure. In the treatment of advanced and nonoperable lung cancer (NSCLC), isolated
thoracic perfusion is a technically safe and well-established method with predict-
able outcome. In far advanced cancers of the head and neck, however, large studies
are still to come. In single cases, there has been a high incidence