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Kolotas, C.; Birn, G.; Hey, S.; Strássmann, G.; Martin, T.; Vogt, H.-G.;
Baltas, D.; Zamboglou, N. (Offenbach)

123 Fractionated Radiotherapy of Inoperable Meningiomas without
Histological Verification: Long-Term Results in 59 Patients
Debus, J.; Wündrich, M.; Pirzkall, A.; Hoess, A.; Schulz-Ertner, D.;
Engenhart-Cabillic, R.; Wannenmacher, M. (Heidelberg)

130 Modern Management of Brain Metastases:
Prognostic Factors in Radiosurgery
Becker, G.; Jeremic, B.; Kortmann, R.D.; Bamberg, M. (Tübingen)
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Preface

Major advances have been accomplished in recent years in conformal and
stereotactic techniques, dosimetry as well as in target volume concepts, and
clinical studies have been performed. This peer-reviewed volume of Frontiers
of Radiation Therapy and Oncology includes a selection of the important
topics discussed at the meeting on ‘3-D Radiation Treatment: Technological
Innovations and Clinical Results’ which was organized by the Department of
Radiation-Oncology of the Technical University of Munich and focused on
conformal and stereotactic radiotherapy in the treatment of tumors.

The papers published in this volume emphasize the significance of local
tumor control, mechanisms of normal tissue damage, report new technologies
in conformal radiation therapy, dynamic intensity modulation and three-di-
mensional endovascular brachytherapy. They also describe new tools of three-
dimensional brachytherapy and analyze clinical results in the treatment of
lung cancer, brain tumors and prostate cancer.

This book aims at making this new information available to biologists,
physicists, radiation oncologists and clinicians. It updates currently available
information, provides a comprehensive overview of the field and suggests
future directions.

H.J. Feldmann, Fulda
P. Kneschaurek, M. Molls, Munich
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Feldmann HJ, Kneschaurek P, Molls M (eds): Three-Dimensional Radiation Treatment.
Technological Innovations and Clinical Results.
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Significance of Local Tumor Control

J.P. Gérard a, P. Roy b, M. Cucherat c, A. Leizerowicz c

a Service de Radiothérapie-Oncologie, and
b Service de Biostatistique, Centre Hospitalier Lyon-Sud, Pierre-Bénite, and
c Service de Pharmacologie Clinique, UFR Laennec, Lyon, France

The Natural History of Cancer Is Still Based on a Cellular Concept

Modern biology techniques have brought new understandings into the
field of gene functioning and subcellular pathways. Cancer is now considered
as a multifactorial and multistep process leading to alteration of oncogenes
and antioncogenes resulting in a malignant genotype. Conversely, in clinical
practice, cancer is still seen as a cellular process, usually of monoclonal origin.
Starting from one or a few malignant cells, the cellular clone progressively
grows into a primary gross tumor. One of the key points of cancer disease is
the ability of cancer cells to migrate and generate distant metastases which
are often fatal: the UICC TNM classification clearly reflects this double aspect
of cancer with a primary tumor ‘T’ and lymphatic or organ metastases ‘N’
or ‘M’. Local control of cancer consists primarily in the eradication of all
cancer cells in the primary tumor ‘T’ (and neighboring lymph nodes).

From the first cancer cells, which are usually undetectable, the natural
history of cancer can be divided into two steps. The subclinical phase, when
there are less than 109 cells, is clinically silent. The second phase starts when
clinical symptoms or a gross tumor are apparent. It is usually shorter than
the subclinical phase. If not treated, the cancer will lead to death in a few
months or years when the tumor mass is close to 1012 cells [1, 2].

The Cure of Cancer Is a Reality: It Makes Sense to Give
Treatment with a Curative Intent

When, after radical treatment and complete disappearance of all cancer-
ous lesions, a patient remains free of disease for 20 or 30 years, the clinician



has the ‘feeling’ that cure has been reached. In fact, as residual subclinical
disease is difficult to demonstrate, the definitive proof of cancer cure is often
difficult to provide. From the epidemiological point of view a patient or a
group of patients are cured when their posttreatment survival probability is
the same as the survival of a population of same age and characteristics
without cancer. This definition leads to the concept of relative survival [3].
Eurocare is a compilation of the data of all the cancer registries in the
world. It provides relative survival at 10 years, which ranges between 30 and
40% in Europe. These figures are close to the cure rate at the end of the
20th century for all cancers when small basal cell cancers of the skin are
excluded. Though the improvement in cure rate is slow [4], it can be seen
from the US cancer registries that the overall survival of cancer patients has
recently been increasing [5].

The cure of cancer is difficult to demonstrate in an individual person; to
cure cancer, all the cancer cells of a malignant tumor must be eradicated
including the last one. A complete response and, of course, a partial response
are not synonymous of cure. It is necessary to totally control (or eradicate or
sterilize) the subclinical disease. The detection of minimal residual disease in
children with acute lymphoblastic leukemia (ALL) is a good demonstration
of the need for total eradication of all cancer cells to achieve cure. After
complete remission following radical treatment of ALL, it is possible to detect
1 leukemic cell among 10,000 normal cells in a bone marrow aspirate using
multiparametric flow cytometry. If no cell can be seen in the bone marrow
aspirate at week 32 after the end of chemotherapy, there is only 7% of relapse
(93% of cure). If 1 or 1,000 leukemic cells are found, the relapse rate is 75%
[6].

A treatment can have a curative aim if, considering the patient’s condition,
tumor size and location as well as the available treatment, it is possible to
eradicate 100% of the malignant cells. If this goal cannot be achieved, only a
palliative treatment can be proposed [7].

Local Tumor or Distant Metastases Can Be Responsible for Death

If the primary tumor grows in an organ with a vital function, it can be
directly responsible for death (glioblastoma, hepatocarcinoma). If the primary
develops in the patient’s periphery (skin melanoma, breast cancer, sarcoma
of the extremities), it will not kill the patient unless distant metastases to vital
organs (brain, liver, lung) appear. In many situations, the risk of dying of
cancer is related either to uncontrolled primary or distant metastases (cancer
of the head and neck, thorax, abdomen or pelvis).

2Gérard/Roy/Cucherat/Leizerowicz



The Cure of Cancer Is Impossible without Definitive Local Control

Local control of a tumor can be defined as the total disappearance of
the primary tumor and neighboring lymph node metastases without any local
recurrence on long-term follow-up. From a methodological point of view, local
control is not always easy to measure objectively. Quantification is not simple.
Actuarial methods are not well adapted to estimate local control. Local failure
and distant metastases fall into the category of competing risks.

Actuarial methods can be used only if the endpoints are statistically
independent [8]. Crude rate of local failure or time to first local failure could
be more appropriate. Clear and simple recommendations to analyze and report
local control should be given by biostatisticians.

It is commonsense to admit that cure cannot be achieved without local
control of tumor in the brain, head and neck, lung or pelvis, for example. It
is still a matter of debate how local control (or local relapse) affects overall
survival in peripheral tumors, such as melanoma or sarcoma of the extremities.
Breast cancer is a paradigm of this controversy [9]. Two recent randomized
trials after mastectomy and adjuvant chemotherapy show that radiotherapy
by improving local control can improve overall survival [10, 11]. These results
are still a source of controversy because in some countries surgery and adjuvant
chemotherapy are more intensive. In a retrospective analysis of 4,144 patients
treated with radical surgery without chemotherapy for breast cancer at the
Gustave Roussy Institute, the authors concluded that local relapse is a nidus
for metastatic dissemination which might not have appeared without such a
local relapse [12]. As usual, the demonstration of a causal relationship is
difficult without a prospective randomized trial [13]. Experiments in C3H/sed
mice presenting with spontaneous fibrosarcoma or squamous cell carcinoma
have shown that the frequency of distant metastasis increased steeply with
local relapse and increasing size of the recurrent tumor at the time of salvage
amputation. For a primary of 6 mm in diameter, the rate of distant metastasis
was 5%, for local recurrences of 6 mm and 12 mm it was 30% and 60%,
respectively [11].

Radiotherapy Aims at Local Control, Which Significantly
Depends on the Dose of Irradiation

The main goal of radiotherapy is to control the primary tumor either
alone (head and neck, prostate, anus) or in association with surgery (breast,
rectum, uterus) or chemotherapy (Hodgkin’s disease). The dose delivered to
the tumor (and the pathological type of the tumor) is the key point for local
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control. The history of one century of radiotherapy can be schematically
summarized as a continuous escalation of dose to the tumor enabled by
improved radiation devices.

With 200 kV, it was possible to deliver 40 Gy to a deep-seated tumor in
1930; in 1960, with the use of cobalt, the dose could be increased to 60 Gy
and, in 1980, with the linear accelerator that provided an x-ray beam of 10
or more megavolts, doses of 70 Gy were achieved. With conformal therapy,
it seems possible to deliver 75 or 80 Gy with acceptable toxicity. In all situations,
this dose escalation has provided better local control and has improved sur-
vival, though to a lesser extent.

Normal Tissue Tolerance Is the Limiting Factor of Dose Escalation

The aim of any radiation technique is to keep severe late radiation toxicity
to 3–5% at the most. It would be inappropriate to increase the dose in such
a way that severe side effects exceeded those limits. This is particularly true
when other curative treatments, such as surgery, may be applied [14].

Subclinical Disease Can Be Controlled with Doses between
45 and 60 Gy

It has been well demonstrated by MacComb and Fletcher [15] that doses
of 45–60 Gy were able to control subclinical disease either alone or following
surgery. This has been the foundation of the association of surgery and radio-
therapy. Surgery removes gross disease, and irradiation sterilizes residual sub-
clinical disease. At present, most solid tumors are treated with such a strategy,
often associated to some medical adjuvant treatment. It is probable that neoad-
juvant radiotherapy is superior to adjuvant use if it does not disturb the
surgical technique. Treatment of rectal cancer is a typical example of this
conception [16].

Immediate Primary Local Control Appears to Be Important

The importance of the timing of irradiation has been illustrated by a trial
conducted by the National Cancer Institute of Canada in small-cell lung
cancer. Thoracic irradiation was given either along with the first cycle of
chemotherapy or 4 months later, after completion of chemotherapy. Overall
survival was significantly better in the group with early irradiation. It was
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concluded that early irradiation was able to eradicate chemotherapy-resistant
cells before they spread outside the mediastinum. In this trial, brain metastases
were significantly reduced in the early irradiation group (18 vs. 28%; p>0.04)
[17].

Local Recurrence in Organ-Saving Treatments: Some Limits
Should Not Be Exceeded

One of the main improvements in cancer treatment during the past 20
years has been the increasing development of organ-saving treatments as in
cancer of the eyes, larynx, bladder, limbs, breast and rectum. Radiotherapy
plays a major role in this conservative approach. Nevertheless, it seems neces-
sary to keep the rate of local relapse inferior to 10–15% in such treatments.
Local relapse is always a severe psychological trauma, and though local control
is often possible with salvage surgery, it is likely that such a local recurrence
may increase the risk of distant metastases and death. The patient must be
aware of such a dilemma and the choice is often difficult in medium-sized
tumor between a conservative approach with a high risk of local failure and
a radical amputation which can be safer from the point of view of survival
[18].

Conformal Radiotherapy is the Best Option to Improve Local
Control and Cure through New Advances in Radiation Treatment

Telecobalt and radium were the basis of radiotherapy in the 1960s but
have nearly disappeared. Radiotherapy is a field of cancer treatment where
the improvements in procedures and techniques have been really dramatic
during the past 30 years. Improving the differential effect using the time factor
or chemical sensitizers is an exciting way of resarch. Quality assurance aiming
at a daily reproducible ideal treatment should certainly improve our results.

Technological improvement for a better dose distribution is a very promis-
ing area for future research. It has been clearly demonstrated during the past
50 years that increasing the dose without increasing the toxicity leads to better
local control and survival. The computer revolution with three-dimensional
virtual simulation and accurate conformal radiotherapy is already in clinical
practice. There are examples in the USA that in lung carcinoma and prostate
cancer doses of 75–80 Gy can be given safely. Preliminary results show im-
proved local control and disease-free survival. In France, a recent dose escala-
tion program was conducted in prostate cancer by Bey [19] using conformal
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radiotherapy. The probability of achieving a posttreatment PSA nadir p1.0
ng/ml was increased by 20% (p>0.04) in a group of 109 patients when compar-
ing doses of 66–70 Gy to doses of 74–80 Gy. In the coming years, this technique
will be used routinely in most radiotherapy departments and should give a
clear benefit at public health level in the field of cancer cure.

Radiotherapy: Still a Major Treatment for the Cure of
Cancer in the Coming Years

At the beginning of the 20th century after the first Halsted, Wertheim or
Bilroth operations, the 3-year overall survival of operable patients was less
than 5%. Nearly no patient with cancer was cured.

A century later, close to 40% of those patients can be cured in industrialized
countries. Nevertheless, cancer is still the leading cause of death of 40- to 65-
year-old individuals. In France, 210,000 new cases of cancer are seen every
year (small skin cancers excluded). It can be estimated that only 60,000 will
be cured. One third of those who will die of cancer will have a component of
local failure. Insufficient local control remains a major cause of cancer death.
If modern radiotherapy generally used conformal three-dimensional treatment,
up to 10% of the 50,000 deaths due to insufficient local control might be
avoided. The goal of radiotherapy research is to further improve local control.
This is the challenge of the early 21st century.

In France, it is estimated that the cost of cancer is close to 7 billion euros.
The cost of radiotherapy all included is only 350 millions euros (5%). The
cost effectiveness of radiotherapy is among the best in cancer treatment. Of
100 patients cured, 30–40% were treated with irradiation. The best quality
of life is reached by patients who undergo conservative treatment in which
radiotherapy plays a major role.
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Mechanisms in the Development of
Normal Tissue Damage –
Fiction and Facts

Klaus Rüdiger Trott

St. Bartholomew’s and the Royal London School of Medicine and Dentistry,
Queen Mary and Westfield College, University of London, London, UK

It is a common radiotherapeutic perception that the severity of acute and
chronic side effects increases as the volume of normal tissue irradiated is
increased. However, problems arise when this general statement has to be
quantified so that it might be used in the optimisation process during treatment
planning which is the topic of this conference.

Although the severity of normal tissue injury may depend on volume,
dose and time, information on the spectrum of lesions and their severity
is rarely published. Rather, data are usually quantified and expressed as a
frequency of patients who exceed an arbitrary threshold of an accept-

able severity of injury (e.g. EORTC grade 2). This process involves a con-
siderable loss of information, but yields well-defined sigmoid dose-response
curves that can be readily analysed using established mathematical proce-
dures. The clinical perception that reactions were generally milder if irradi-
ated volumes were smaller was further complicated by stating that tolerance
increases as the volume of normal tissue irradiated is decreased. The asser-
tion that tolerance increases as irradiated normal tissue volume decreases
was finally translated into equations that quantify how tolerated radiation
dose increases as irradiated normal volume decreases. Obviously, there is a
chaotic mix-up of words and concepts which only superficially describe the
same facts.



The Role of Stem Cell Inactivation in the Pathogenesis of
Normal Tissue Damage

In order to quantify the clinically observed dependence of damage severity
on the irradiated proportion of an organ, in order to extrapolate them to
new clinical situations and develop new treatment options in radiotherapy, a
framework of hypothetical mechanisms of action of radiotherapy on normal
tissues has to be chosen. In the commonly used algorithms, this framework
of hypothetical mechanisms is based on radiobiological data of clonogenic
survival of cells with unlimited proliferative potential, i.e. stem cells. The
inactivation of clonogenic cells by radiation has been shown to occur at random
[1].This hypothetical mechanism has very successfully been used to explain
the action of radiotherapy on tumours [2]. The number of tumour stem cells is
exponentially reduced by a course of fractionated radiotherapy until, following
Poisson statistics, the probability that no tumour stem cell survived the irradi-
ation – i.e. local tumour control – increases with further increasing radiation
dose following a sigmoid dose-response curve. Tumour cure or tumour recur-
rence, treatment success or treatment failure are a matter of probabilities of
none or one cell surviving a randomly damaging event.

The extraordinary success of this concept in describing tumour responses
to radiotherapy has prompted radiobiologists to use the same concept for
explaining the mechanisms of radiation damage, acute and chronic, in irradi-
ated normal tissues and organs. Radiobiological methods were developed to
investigate the response of normal tissue stem cells to irradiation, studying
the dose dependence of their clonogenic survival. Typical examples are the
stem cells of the bone marrow [3], of the gut [4] or of the skin [5]. Normal
tissue damage is assumed to occur if the density of surviving stem cells de-
creases below a critical threshold. This threshold would be 1% for the bone
marrow, 0.1% for the gut and 0.01% for the skin.

Whereas for tumour responses, the relationship between clonogenic
survival of stem cells is very close, this relationship is less clear for the
clinical signs and symptoms of acute normal tissue damage and probably
totally inadequate for the signs and symptoms of chronic normal tissue
damage.

The radiosensitivity of tissues is measured as loss of function, or as change
of structure or by subjective criteria such as pain. Cellular damage is measured
as loss of clonogenic ability and associated effects such as DNA damage
induction or DNA damage repair. The popular kinetic models of pathogenesis
of normal tissue damage after radiotherapy are based on the assumptions
that there is a definite, quantitative relationship between stem cell survival
and clinical, functional tissue damage.

9Pathogenesis of Normal Tissue Damage



Tissues may be classified into hierarchical and flexible tissues [6]. Hierarchi-
cal tissues are defined as those with a defined stem cell compartment with unlim-
ited proliferative potential, committed transit cell compartments which lose
proliferative potential as they commit themselves to differentiation and, finally,
post-mitotic functional cells with a limited life span. The different subcompart-
ments are characterized by different markers of cell differentiation; transition
betweencompartments isaone-wayroad.Theprimeexample forthishierarchical
tissue is the bone marrow. On the other hand, flexible tissues lack the distinction
between stem cell, transit cell and functional cell compartments, each parenchy-
mal cell has the capacity to perform all functions switching from one compart-
ment to another depending on demand. Typical examples are liver and kidney.

These models have been designed in order to describe their radiation re-
sponse mathematically. The unquestioned basic hypothesis has been that tissue
injury is a numerical problem and is quantitatively related to the degree of loss
of functional cells. This relationship is well documented for the radiation re-
sponse of the bone marrow. The clinical signs and symptoms of bone marrow
radiation damage are primarily related to the severity of granulocytopenia and
thrombopenia. The pathogenesis of radiation damage to the bone marrow has
thenbeengeneralizedtoother tissueswithouteverquestioningthebasicassump-
tion that there was a close relationship between (functional) cell number and
clinical signs and symptoms. Yet, the only tissue where such a close relationship
does exist is in fact the bone marrow. In all other tissues with determined clinical
radiation tolerance there is little or no relationship between decrease of cell num-
bers,calledhypoplasia,andtissuefunctionorstructure. If,however, this relation-
ship does not exist, predictive models, e.g. of the volume effect, which are based
on the proliferative capacity of stem cells become meaningless.

Using data on the radiosensitivity of regenerating stem cells and the shape
of the dose-response curve of structural or functional tissue injury, the concept
of the ‘tissue rescuing unit’ has been developed [7]. The number of surviving
tissue rescuing units would determine the severity of the clinical tissue response
after irradiation. This has been modelled for those tissues which show acute
responses such as skin and bowel mucosa. This mathematical model, too, is
based on the assumption that hypoplasia determines the severity of acute
normal tissue injury.

The Role of Functional Radiation Effects in the Pathogenesis of
Acute Normal Tissue Damage

In all tissues which cover external or internal surfaces, the clinical signs
of acute radiation damage are very similar: erythema after moderate doses
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and denudation after high doses. Erythema is an unspecific inflammatory
response of the vascular connective tissue to all sorts of damage. It is the most
important and commonest of all acute radiation effects. In skin and oral
mucosa, erythema occurs after minor degrees of cellular hypoplasia, usually
if cell density decreases to about 50% of normal values [8]. It appears to be
a regulated stress response and not directly induced by radiation. In skin, it
is not related to a loss of function of the parenchymal epidermis [9]. On the
other hand, acute radiation injury of the bladder it is not related to any degree
of cell number loss but to loss of function of the covering cells [10].

Thus, the most characteristic acute side effect of radiotherapy, erythema, is
not directly related to a markedly decreased number of functional cells. Rather,
there is evidence of radiation-induced changes in cell function of functional or
other cells, which appears to be more important than changes in cell numbers.
Even denudation might be more related to local inflammatory responses than
to stem cell killing. This is suggested by results of some experiments on the modi-
fication of exudative radiation dermatitis by anti-inflammatory treatment.

In mouse skin, even before any radiation effect becomes visible in the
epidermal keratinocytes, pro-inflammatory cytokines such as TNF-a, IL-1
and nitric oxide synthase are induced in dermal cells, particularly endothelial
cells and myofibroblasts of small vessels [11]. Erythema is not just a milder
reaction compared to denudation on the same scale, as suggested by the skin
scores used in radiobiology and the EORTC/RTOG scores, nor is the reaction
of the dermis to impaired epidermal function caused by pronounced epidermal
hypoplasia. Inflammation in the dermis is a separate response chain to radi-
ation injury which initially is not closely related to the proliferative damage
in the epidermal hierarchical cell structure, yet which interacts with it in many
ways. Progressive epidermal hypoplasia may increase dermal inflammation,
no doubt, but there is evidence that the influence goes the other way, as well.

Figure 1 shows the progression of acute skin reactions in mice after a
single dose of 23 Gy [12]. Confluent moist desquamation (score 2.5 ) is reached
in 6/8 fields in the third week. Quite naturally, this was associated with massive
inflammatory reactions. Yet the non-steroidal anti-inflammatory drug indo-
methacin given after the initial signs of erythema had developed did not alter
the signs of moist desquamation: the curves looked identical. If, however, anti-
inflammatory treatment was started immediately after irradiation during the
early induction of the inflammatory cytokines, moist desquamation could be
prevented in all skin fields and the dry desquamation response was delayed.
This means that post-irradiation modulation of inflammation suppresses de-
nudation which also proves that denudation is not just a radiation-induced
epidermal hypoplasia but the response of the tissue as a whole to various
interacting pathological processes. Radiation effects in all tissue compartments
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Fig. 1. The time course of the acute radiation injury in mouse skin after a single dose
of 23 Gy. The scoring system used gives scores of =1.5 to different grades of erythema and
dry desquamation. Score 1.5 denotes a small area of moist desquamation whereas any score
q2.5 denotes moist desquamation of the entire field and ulceration. Mean scores of 8 skin
fields per group are plotted. Group 1 was given daily indomethacin for 2 weeks starting 7
days after irradiation just before erythema started (X); group 2 was given daily indomethacin
for 2 weeks starting a few days before irradiation (T). There was no difference in response
of irradiated animals not given indomethacin and irradiated animals given indomethacin
after 7 days. Data from Heasman [12].

combine in the development of the clinical signs and symptoms. It would be
wrong to attribute them to the response of one cell line, only.

Table 1 summarizes the evidence for pathogenetic mechanisms of acute
radiation injury in different organs.

Pathogenesis of Chronic Radiation Damage

The pathogenesis of chronic radiation damage is even more complex than
that of acute radiation damage and it involves even more interactions between
the various structural compartments of an organ. The most frequent chronic
outcomes are atrophy and fibrosis both of which may progress to necrosis if
secondary damage such as trauma or infection exceeds the capacity of the irradi-
ated (atrophic or fibrotic) tissue to cope with the additional stress (table 2).

Atrophy is a reduction in the number of functional cells; however, it is
not due to a decrease in the proliferative capacity of these parenchymal cells
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Table 1. Mechanisms of acute radiation injury in different organs

Tissue Effect Mechanisms

Bone marrow infection, haemorrhage hypoplasia of functional cells:
granulocytopenia, thrombopenia

Skin, oral mucosa erythema dermal inflammation caused by change of
communication (?) between epidermal cells

denudation patchy or confluent loss of surface cells related
to severe hypoplasia and inflammation (?)

Gut diarrhoea not related to denudation but (?) to changes
in neuropeptides which control motility
and secretion

decreased absorption due to functional
changes in brush border enzymes

Bladder decreased compliance no evidence for hypoplasia but change in uro-
thelial cell function (uroplakin expression)

Salivary gland xerostomia no evidence of hypoplasia, change in function
of glandular cells

Table 2. Mechanisms of different manifestations of chronic radiation damage in normal
tissues

Damage Critical cell Mechanisms

Atrophy endothelial cell destruction of capillaries caused by focal dysfunction of endo-
thelial cells; also damage to myofibroblast differentiation/
function in structured vessels

Fibrosis fibroblasts differentiation, directly induced and modulated by radiation-
induced expression of TGF-b and other fibrogenic messengers

Necrosis tissue breakdown caused by secondary trauma or infection
which exceeds the compensatory capacity of the atrophic/
fibrotic irradiated tissue

and, in most cases, is actually associated with hyperproliferation. Atrophy is
due to a reduction in the life span of functional cells due to an impaired
microenvironment, usually ischaemia caused by the rarefaction of the capillary
network. Loss of capillaries is not related to proliferative damage of endothelial
cells. It occurs earlier than post-irradiation mitosis and cell death. Moreover,
it is focal, and these foci are closely related to focal changes in endothelial
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cell function after irradiation [13]. The focal nature of most if not all chronic
radiation damage in different normal tissues such as the spinal cord [14] or
the heart [13] is a particularly strong argument against the basic hypothesis
that normal tissue damage is due to random killing of stem cells as this would
not be compatible with focal development of damage.

Fibrosis has been related to radiation damage in fibroblasts; however, a
smaller number of fibroblasts is unlikely to produce more collagen unless
radiation induced premature differentiation of undifferentiated fibroblasts
pushing them into increased collagen production [15]. This is a very attractive
theory, which, however, would not be consistent with the cell number theory
of normal tissue damage pathogenesis. Yet, in addition to the modulation of
the inherent cellular differentiation programme by irradiation, the development
of radiation fibrosis is also regulated by radiation-induced messenger molecules
such as transforming growth factor-b [16].

The simple dichotomy of acute and chronic normal tissue damage is a
gross oversimplification of reality, suitable for a radiobiology textbook but
not a valid description of the complexity of radiopathology. Organs and normal
tissues consist of different cell types arranged in well-defined structures. Direct
intercellular communication and intercellular signalling molecules maintain
their structural and functional integrity and guarantee a large degree of flexi-
bility of response to any damaging interference. Damage to any one of the
constituent cells or signalling pathways leads to co-reaction of other structures
of the respective organ. Even if the pathogenetic process is started in, or is
dominated by, one defined subpopulation of constituent cells, the organ or
tissue responds as a whole according to its tissue-specific reaction patterns.

Progressive, chronic radiation damage to the microvasculature leads to
atrophy of the dependent parenchyma. Atrophy, fibrosis and necrosis are
by no means separate and well-defined pathogenetic mechanisms. All three
pathological features of chronic radiation damage are end stages which are
more characteristic of the involved tissues and organs than of the damaging
agent. Moreover, late fibrosis or necrosis may be the end stages of very different
processes, indistinguishable in their clinical and pathological features, but
involving very different processes during their development. These interactions
between different cellular compartments in all organs and tissues make the
target cell concept for chronic normal tissue radiation damage obsolete.

Pathogenesis of Consequential Late Radiation Damage

The complexity of tissue responses to any damage becomes even more
important if specific or unspecific secondary injury adds to primary radiation
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effects in a process which has been termed ‘consequential late radiation dam-
age’ [17]. It occurs under the surfaces of tissues which are covered by epidermis
or by a mucosal lining, in particular in the mucosae of the upper aerodigestive
tract or of the bowels. Consequential late radiation damage occurs if healing
is prevented or delayed for months by additional toxic influences, e.g. chemo-
therapy or by excessive radiation doses. Tissue breakdown and scarring develop
as the persistent mucosal denudation permits infection and invasion of external
toxic substances into the severely inflamed connective tissue which gradually,
together with its capillary network, loses its reserve capacity. The morpho-
logical and clinical features of genuine late radiation damage and of consequen-
tial late radiation damage are very similar. They depend on the characteristic
response patterns of the respective organs, but not on the pathogenetic pathway.
Pathological signs include chronic inflammation, reactive fibrosis and tissue
necrosis.

Conclusion

There is no evidence to support the hypothesis that chronic radiation
damage is causally or quantitatively related to the reduction in the number
of certain parenchymal cells due to their impaired proliferative capacity or of
that of their progenitor cells.

Both acute and chronic (i.e. genuine chronic and consequential late) side
effects of radiotherapy are more related to functional radiation effects in critical
cell populations than to numerical radiation effects in presumed target cell
populations. These functional changes may be induced directly by irradiation
or may be secondary to changes induced in the cytokine network or in the
intercellular communication pathways. This has profound consequences for
any attempt to quantitatively relate the risk of normal tissue complications
of critical organs or tissues to the anatomical distribution of radiation doses
within the respective organ or tissue. The probability of normal tissue complica-
tion is more related to the anatomy and physiology of the respective organ
than to cellular radiobiology.
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Epidermal Growth Factor and Its
Receptor in Tumor Response to Radiation

Luka Milas
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Growth factors and cytokines are substances that regulate cell growth and
proliferation, and maintain architectural and functional tissue homeostasis. By
binding to specific cell membrane receptors, these substances set in motion a
highly regulated network of cellular events: signal transduction, gene activa-
tion, transcription. These in turn regulate cell cycle checkpoints. Growth fac-
tors can act locally by autocrine or paracrine actions or on distant tissues
(endocrine activity). More than a hundred different growth factors are known,
many of which interact with each other exerting complementary or opposing
effects on cell growth. For example, while in general transforming growth
factor-a (TGF-a) promotes cell growth, TGF-b inhibits it.

Growth factors and cytokines play a critical role in the pathogenesis of
radiation injury, both in normal tissues and tumors [1, 2]. They act by affecting
molecular and cellular determinants of cytotoxicity, and tumor pathophysiol-
ogy. These include cellular repair mechanisms, cell cycle redistribution, cell re-
population and tissue microenvironment, such as tumor hypoxia and acidity.
Although our knowledge on the biology of growth factors and cytokines has
greatly increased recently, research on the interaction of these factors with radi-
ation has been limited. Hence, this interaction is still poorly understood, and is
likely complex. This paper will overview our current understanding only of the
effects of epidermal growth factor (EGF) and its receptor (EGFR) in cell and
tumor response to radiation and their implications for tumor radiotherapy.

EGFR Signal Transduction

EGF, TGF-a, heparin-binding EGF-like growth factor (HB-EGF) and
heregulin are major members of the EGF family of growth factors. They bind



Fig. 1. EGFR signaling pathway.

to EGFR, a 170-kD transmembrane protein with intrinsic tyrosine kinase
activity. There are four known members of the EGFR gene family: EGFR,
ERBB2 (also designated neu and her), ERBB3 and ERBB4. The EGF family
members share sequence similarities as well as high binding affinity for EGFR
and mitogenic effects on EGF-responsive cells.

EGF, like the majority of growth factors that act through tyrosine kinase,
regulate cell cycle (and cell proliferation) through mechanisms that act on G1

phase progression. On ligand binding, EGFR dimerizes with neighboring
receptors and becomes autophosphorylated, a process in which the activity
of tyrosine kinase is essential. The receptor phosphorylation triggers the bio-
chemical cascade of events, involving a number of proteins including growth
factor receptor protein 2 (Grb2) and mitogen-activated protein kinase (MAPK)
that constitutes signal transduction pathways (fig. 1). Cyclins and cyclin-
dependent kinases (cdks) are essential in this cascade, and mediate progression
through each phase of the cell cycle. The D-type cyclins (D1, D2, and D3)
bind to cdk4 or its homolog cdk6 and mediate cell progression through G1
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Fig. 2. Cyclin D involvement in G1 phase progression.

phase (fig. 2). Cyclin E binds to cdk2 and also mediates G1 phase cell cycle
progression. The cyclin D/cdk4 (or cdk6) complex phosphorylates Rb protein
which in unphosphorylated state is bound to the E2F family of transcription
factors. This Rb/E2F complex represses transcription, but when Rb is removed
from it by phosphorylation the ‘free’ E2F induces E2F-dependent gene tran-
scription allowing cell progression into S phase. The action of cyclin D/cdk4
on Rb phosphorylation can be inhibited by a number of genes including
p27, p21, and INK (inhibiting kinases) that include p15, p16, p18, and p19.
Radiation can mimic the activity of EGF and induce EGFR phosphorylation
and thus initiate transduction signals [3].

EGFR Expression in Tumors

In contrast to normal tissues, the complex cascade of growth factor sig-
naling is commonly dysregulated in tumors. Often, there is an overexpression
of growth factor receptors or growth factor production. EGFR is frequently
expressed at high levels in many human tumors, including breast, cervix, lung,
and head and neck carcinomas [4]. The high expression of EGFR is associated
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with more aggressive tumors, poor prognosis, and resistance to treatment with
cytotoxic agents. Recently, high levels of EGFR and TGF-a in primary head
and neck squamous cell carcinomas were reported to be significantly associated
with both decreased disease-free and cause-specific overall survival [5]. In vitro
experimental studies have yielded solid evidence linking EGFR status with
resistance to cytotoxic drugs [6–9]. Transfection of EGFR into human breast
cancer cells, for example, was reported to increase cellular resistance to drugs
[7]. On the other hand, blockage of the EGFR-mediated signaling pathway
with antibodies to EGFR enhanced the sensitivity of tumor cells to a number
of chemotherapeutic agents [6, 8]. More recent studies have shown that anti-
EGFR antibodies are effective in the treatment of human tumor xenografts,
particularly when combined with chemotherapeutic drugs [9].

EGFR Expression and Tumor Radioresponse

Althoughmanyreports imply theexistenceofapositiveassociationbetween
overexpression of EGFR and poor response to therapy [4, 6], information on
the relevance of EGFR expression in cell or tumor response to radiation is scarce.
We have recently initiated a study to explore the possible association between
EGFR and radioresponse of mouse carcinomas. These tumors exhibit a broad
range of radioresponse measured by TCD50 (radiation dose yielding 50% local
tumor control) and of radiation-induced apoptosis [10]. The two endpoints pos-
itively correlated with each other, implying that radiation-induced apoptosis is
a major mechanism by which radiation kills tumor cells in these carcinomas [10].

EGFR protein levels, analyzed by Western blotting in 9 carcinomas of
different histological types, showed more than 20-fold variability among tu-
mors. This technique repeatedly provided consistent values within individual
tumors of the same type, and EGFR expression was not influenced by tumor
size (the investigated range was from 8 to 12 mm). As a rule, higher EGFR
protein levels were found in tumors less responsive to radiation. There was a
highly significant positive correlation between the level of EGFR and TCD50

value [11]. The existence of this inverse relationship between the magnitude
of EGFR expression and tumor radiocurability may have important clinical
implications in that pretreatment assessment of EGFR expression could pre-
dict radiotherapy outcome and assist in selecting an effective radiotherapeutic
approach to radioresistant tumors.

The association between EGFR and tumor radiocurability does not estab-
lish a causative relationship, as other factors, both genetic and epigenetic, are
likely involved as well. However, ongoing studies in our laboratory have shown
that radiation can induce EGFR phosphorylation, and thus initiate down-
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stream molecular processes, the same or similar to those initiated when EGF
is bound to its receptor. That the level of EGFR expression influences tumor
cell radiosensitivity was recently shown by Sheridan et al. [12]. These investiga-
tors determined sensitivity to 2-Gy single-dose radiation of primary cultures
derived from 14 head and neck carcinoma patients, and found that cell cultures
expressing high levels of EGFR were more radioresistant than those expressing
low levels of EGFR. Resistance was measured by the extent of radiation-
induced cell growth inhibition.

Modification of Tumor Cell Radiosensitivity by EGF

Recently, there have been a number of studies investigating the influence
of EGF and TGF-a on in vitro sensitivity of tumor cells to ionizing radiation.
They provided evidence that these molecules can exert either radiosensitizing
[13–15] or radioprotective [16, 17] effects. Addition of EGF to cultures of
squamous cell carcinoma cell lines having high-affinity cell surface receptors
to EGF showed variable response to radiation [13, 14]. While the radiation
sensitivity of the CsSki, HN5, and A431 cell lines increased, no effect on
sensitivity of the SiHa cells or of a mouse 3T3 cell line was observed. The
enhancement of sensitivity was most significant in G1 phase cells and was
primarily associated with a reduction of the shoulder region of the dose-
survival curve. The effect of EGF was receptor density dependent as the degree
of EGF radiosensitization was inversely related to the number of high-affinity
EGFRs [13]. Another study showed that the radiosensitizing effect of EGF
was more pronounced if the cells were intrinsically more radiosensitive [15].
Addition of TGF-a, another member of EGF family, enhanced radiosensitivity
of MCF-7 cells by downregulation of estrogen receptors [18].

EGF was also reported to protect cells against radiation killing [16, 17].
The addition of EGF to cultures of hormone-deprived MCF-7 breast carci-
noma cells before radiation increased the radioresistance of these cells, affecting
primarily the exponential portion of the radiation survival curve. The observed
resistance was associated with increase of cells in the radioresistant S phase
of the cell cycle, and in elevation of the intracellular glutathione content that
acts radioprotectively. The effect of EGF was abrogated by adding to the
medium a specific antibody to EGFR [16]. In another study [17], EGF de-
creased radiosensitivity of A431 squamous cell carcinoma cells when present
during and after irradiation. The major effect was an increase in size of the
shoulder of the radiation survival curve. In contrast to the radioprotective
effect of EGF, treatment of A431 cells with monoclonal antibodies to EGFR
sensitized them to radiation by enhancing radiation-induced apoptosis. The
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authors concluded that radiation activated EGFR, which initiated downstream
signaling pathways that led to cell radioresistance, and therefore blocking such
activation resulted in increased cell killing. In a more recent study, exposure
of SCC-13Y head and neck squamous cell carcinoma cells to C225-anti-EGFR
monoclonal antibody either for 3 days prior to, or during and after irradiation
enhanced cell radiosensitivity [19]. The major mechanism for enhanced ra-
dioresponse was attributed to the ability of the antibody to enhance susceptibil-
ity of these cells to radiation-induced apoptosis.

Radiation and EGFR Signaling

There is growing evidence that ionizing radiation can mimic the action
of ligand-receptor binding, which triggers downstream signaling [3, 17, 20, 21].
Balaban et al. [17] showed that radiation affects multiple signaling pathways,
but induction of radioresistance is predominantly associated with activation
of EGFR. Goldkorn et al. [21] demonstrated that tyrosine autophosphory-
lation of EGFR in A431 cells occurred spontaneously after radiation, but that
the binding of EGF to the receptor and receptor stability remained unaffected.
Also, radiation caused a decrease in protein kinase C activity, which may
underly the sensitizing effect of EGF on irradiated cells in this system. Thus,
results suggest that the level of protein kinase C activation or suppression
may determine the ability of growth factors to regulate radiation sensitivity
in mammalian cells. Using human mammary and squamous carcinoma cells,
Schmidt-Ullrich et al. [20] and Carter et al. [22] demonstrated that radiation
induced EGFR autophosphorylation, which was followed by activation of
transduction-signaling pathways including Raf-1 and MAPK. However, the
transduction signals were not activated when EGFR autophosphorylation was
blocked by the specific inhibitor tyrphostin AG148 [22]. These investigators
postulated that activation of these signals stimulates cell proliferation that
could be a major mechanism underlying accelerated repopulation of tumor
cell clonogens during fractionated radiotherapy.

Our own investigations [1, 11] demonstrated that radiation can induce
EGFR autophosphorylation in tumors growing in vivo. However, induction
depended on the basal level of EGFR expression, occurring only in high
EGFR-expressing tumors. This suggests that a certain basal level of EGFR
must be present to respond to radiation in order to activate downstream
processes leading to cell protection. We further observed [unpubl. data] that
radiation affected the expression of cyclin D1, which also depended on the
basal level of expression of this protein. The basal level of cyclin D1 expression
differed more than 40-fold among the 9 carcinomas studied, it paralleled that
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of EGFR, and like EGFR, positively correlated with tumor resistance to
radiation. Radiation had no influence on constitutive expression of cyclin
D1 in radioresistant tumors, but it reduced the expression of cyclin D1 in
radiosensitive tumors. To establish whether EGFR or cyclin D1 levels influ-
enced cell proliferation or cell loss after radiation, tumors were analyzed for the
percentage of proliferative cells, assessed by proliferating cell nuclear antigen
(PCNA) staining, and for apoptosis within 2 days following irradiation. While
no significant apoptosis or change in the percentage of PCNA-positive cells
was observed in tumors with high EGFR (or cyclin D1) levels, radiation-
induced significant apoptosis and a decrease in the percentage of proliferating
cells in tumors with low EGFR expression. Thus, these findings imply that
EGFR and its sensor cyclin D1 play an active role in tumor response to
radiation. When highly expressed, these proteins act protectively either through
inhibition of apoptotic cell death, increasing cell proliferation, or both.

Therapeutic Implications

There are two major clinical implications of dysregulation of EGF and
its receptors: prognostic tool and target for therapy. Elevated EGFR is associ-
ated with more aggressive tumors, poor response to standard treatment modal-
ities, and poor patient survival. Our own studies with murine tumors provided
clear evidence of an inverse correlation between EGFR expression and tumor
radiocurability. Therefore, quantitation of EGF and its receptors may be a
useful tool for identifying subgroups of patients with high-risk adverse treat-
ment outcome, and thus enable the use of the most rational individualized
therapeutic strategy.

EGFR and its signaling pathways may serve as a therapeutic target that
could be used to improve efficacy of cytotoxic treatments, including radiother-
apy. One could interfere with EGFR binding or with individual steps in
downstream processes. For that purpose, a number of protein kinase inhibitors
are currently under investigation [23]. Antibodies are being developed to block
EGFR, and one of them, C225, was shown to be highly effective when com-
bined with chemotherapeutic agents [6] or radiotherapy [unpubl. data]. Thera-
peutic efficacy of C225 is currently undergoing clinical trials when combined
with radiotherapy. Preliminary results show that this combination can signifi-
cantly increase the percentage of local head and neck tumors controlled by
radiotherapy [24]. Thus, interference with EGFR binding has a high potential
to improve tumor radiotherapy. As mechanisms involved in growth factor
radiation interactions become better understood, the ability to interfere with
adverse actions of EGFR on tumor control is likely to improve.
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New Technologies in Conformal
Radiation Therapy

W. Schlegel

Department of Medical Physics Research Program Radiological Diagnostics and
Therapy, Deutsches Krebsforschungszentrum, Heidelberg, Germany

Radiation therapy is in the process of a continuous change. This movement
has mainly been driven by rapid and exciting achievements in computer techno-
logy which led to the development of three-dimensional (3D) treatment plan-
ning and to completely new treatment delivery systems. However, besides
computer science, a couple of other disciplines, like neurosurgery, radiological
diagnostics, physics, mathematics as well as mechanical and electronic engi-
neering, also had a strong impact on radiotherapy. As a result, real 3D con-
formal therapy, as proposed by Takahashi [1] as early as 1965, is now more
and more becoming reality in clinical practice. In this contribution, some
relevant physical and technical developments in the different fields of radiother-
apy will be described.

Patient Fixation, Target Localisation and Positioning

The field of patient fixation and patient positioning profited especially
from stereotactic neurosurgery. Today, two different strategies exist for stereo-
tactically guided radiotherapy procedures: those for single-dose irradiation
(‘radiosurgery’ [2, 3]) and those for fractionated treatments (often called ‘preci-
sion radiotherapy’ [4, 5]).

Fixation Systems for Single-Dose Irradiation
For single-dose irradiation (the main indications of which are arteriovenous

malformations and metastases), different stereotactic systems, modified for use
in computed tomography (CT), positron emission tomography (PET) and di-



Fig. 1. Stereotactic fixation (mask system made from Scotch cast bandages) and posi-
tioning equipment used in precision radiotherapy of head and neck and brain lesions.

gital subtraction angiography, are being applied. Recently, we have also de-
veloped a stereotactic frame completely compatible with magnetic resonance
(MR), made of a special ceramic material. This frame allows to obtain MR
images which are absolutely free of artefacts. Using this system in CT and MR
imaging (MRI), a stereotactic image of utmost precision can be registered [6].

Fixation Systems for Fractionated Treatments
For fractionated treatments of lesions in the brain and head and neck,

special mask systems have been developed. The one used in our department
is made from Scotch cast bandages. This relocatable mask system results in
a standard deviation of 1–2 mm in fixation and repositioning accuracy (fig. 1)
[4, 5, 7].

For conformal stereotactic treatment of lesions in the body, relocatable
stereotactic whole-body fixation systems are being introduced. The system
which we developed together with the University of Tucson can also be used
in connection with a rigid fixation to the spinal column for radiosurgical
treatment of lesions close to or within the spine (fig. 2a, b).
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Fig. 2. Extracranial stereotactic fixation and positioning system. a System attached to
the patient’s couch at the linac and equipped with target localiser. b System attached to the
CT couch and equipped with stereotactic CT target localisers.

Target Localisation
Various stereotactic localisation techniques of target points have

been developed by different groups. We use the localisation procedure as
developed for linear accelerator (linac) radiosurgery by Pastyr [8]. The same
target-localiser consisting of 4 Plexiglas squares with imbedded V-shaped fidu-
cial wires is now also used for single-dose or fractionated treatments. A similar
system was developed by our group to enable stereotactic localisation of lesions
in the body (fig. 3a–c).

Stereotactic Patient Positioning
Stereotactic positioning principles are used for radiosurgery and precision

radiotherapy, both for brain and head and neck lesions as well as for treatments
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Fig. 3. a Extracranial stereotactic fixation and positioning system in use in connection
with a Scotch cast fixation torso and CT target localisers for a patient with a paraspinal
tumour. b Extracranial system in use in connection with a vacuum cushion, stereotactic CT
target localisers and an abdominal compression plate for the treatment of liver metastases.
c CT image for the patient shown in b.

with the whole-body fixation system (fig. 1). The stereotactic coordinates of
the target point, calculated during 3D treatment planning, are transferred to
the x-, y- and z-callipers of the stereotactic target positioner. The patient’s
couch is then adjusted in x-, y- and z-directions, until the laser crosses match
the fiducials on the callipers.

29New Technologies



Tracking Systems for Automated Patient Set-Up, and Movement
Detection and Correction
To improve and facilitate patient set-up during positioning at the linac,

tracking devices quite similar to those used in neuronavigation are being
developed. The device which was developed at the Deutsches Krebsforschung-
zentrum in Heidelberg (DKFZ) allows automated positioning of patients with
head and neck lesions with an accuracy below 1 mm. The system is also able
to detect target movement by measuring the patient’s position up to 25 times
per second. With a computer-controlled table top, significant position devi-
ations which occur due to patient movements can be automatically and in-
stantly corrected [7, 9].

Three-Dimensional Treatment Planning for Conformal Therapy

The most spectacular developments in radiotherapy in this decade were
those initiated by the availability of small and powerful computers known as
‘workstations’ and ‘PCs’. On the basis of the new 3D imaging techniques, CT
and MRI, a complete change from the 2D consideration of the radiotherapy
problem towards 3D planning took place. In a modern 3D treatment-planning
program, a set of ‘3D options’ allows a comprehensive and precise 3D simula-
tion of the radiotherapy procedure.

Definition of Target Volume and Organs at Risk
The basic module of a 3D treatment-planning program is a tool to define

target volumes and organs at risk in a stack of CT or MRI images. Besides
basic drawing and editing tools, such a module has to provide an interface
for image registration, either on the basis of stereotactic coordinates or with
the help of anatomical landmarks or surfaces [10]. 3D computer graphic
features support the understanding of the therapy-relevant anatomical struc-
tures (fig. 4).

Designing a Treatment Plan in Three Dimensions
3D treatment planning is not restricted to the spatial definition of anatom-

ical structures: a major advantage is that the 3D orientation and shape of the
beams can now also be interactively altered and optimised. In this respect,
modern 3D treatment-planning systems show much similarity to computer-
aided design techniques used in engineering sciences, e.g. the software model
VIRTUOS, which is implemented in our 3D treatment-planning program
VOXELPLAN, is a 3D computer graphics interface to define treatment tech-
niques for conformal therapy [11]. The program provides all options which
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Fig. 4. User interface of the computer program TOMAS for registered definition of
target volumes and organs at risk using CT images (left) and MR images (right).

characterise current 3D treatment-planning programs: Beam’s Eye View, 3D
Observer’s View, multiplanar reconstructed sections and the implementation
of irregular-shaped fields and also more advanced tools as the linac view and
the spherical view have recently been implemented (fig. 5).

Three-Dimensional Dose Calculation
Probably the most important features of modern 3D treatment planning

are the new dose calculation algorithms which have the ability to consider
irregular field shapes and 3D tissue inhomogeneities and to quantify their
influence on the 3D distribution of beam scatter. The new models for 3D dose
calculation are known as superpositioning or convolution algorithms and
significantly improve the accuracy of 3D dose calculations in the majority of
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Fig. 5. User interface of the 3D virtual therapy simulation module VIRTUOS within
the VOXELPLAN program. Implement and shown are the following tools: linac view (upper
right image), Beam’s Eye view (upper middle), Multiplanar reconstructions (right column)
and Observer’s view (lower middle).

clinical situations [12–15]. It can be foreseen that the problems that arise in
complicated cases can be overcome by fast and highly precise Monte Carlo
calculations in the near future [16–18].

Visualisation and Evaluation of Three-Dimensional Treatment Plans
A further important characteristic of 3D planning is the new computer

graphics software enabling 3D visualisation of treatment plans. Besides multi-
planar reconstruction sections with dose distributions in the transverse, coronal
and sagittal planes, voxel-based as well as 3D-shaded surface representations
can be used [19]. The calculation of dose volume histograms and of tumour
control probabilities and normal tissue complication probabilities according
to different biological models are very helpful tools for the comparison of
treatment plans during the process of treatment plan optimisation.
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Fig. 6. User interface of the result display module of the VOXELPLAN 3D treatment-
planning system. Shown are the dose volume histogram display section (upper left), 3D dose
surface display (upper middle), colour wash dose distributions in multiplanar reconstructions
(right column) and 3D-shaded surface display of the patient’s contour, target volume, organs
at risk and the 3D isodose distribution of the 80% isodose.

Inverse Planning of Conformal Therapy
A completely new approach to the solution of the treatment-planning

problems, so-called ‘inverse planning’, was proposed at the end of the last
decade [20]. The principal idea of inverse planning is to allow intensity
variation within the different beams of a cross-fire or moving beam treatment
technique. Interactive trial-and-error optimisation is abandoned. Instead of
this, a special computer program iteratively optimises fluence distribution in
the different beams until a prescribed conformal dose in the target volume
is reached, on the condition that tolerance doses in critical organs are not
exceeded [21].
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Different optimisation criteria and different strategies were developed
in order to solve the inverse-planning problem: the group at the Karolinska
Institute in Stockholm proposed to use optimisation criteria based on bio-
logical models, while our group at the DKFZ favours purely physical criteria
[20–22]. The group at the Royal Marsden Hospital in London implemented
an optimisation algorithm which is known from cristallography and called
‘simulated annealing’ [23], while our group implemented a gradient-driven
optimisation procedure. Both approaches are now implemented in commer-
cial inverse-planning tools. However, clinical evaluation is still needed.

From the theoretical point of view, the concept of inverse planning soon
improved to be very powerful, especially for treatment planning of concave-
shaped lesions. An example of an inverse treatment plan is shown in figure 7.
This plan was computed with our inverse-planning program KONRAD.

KONRAD uses the target volumes and organs at risk, defined with the
conventional 3D treatment planning (in our case the TOMAS target delin-
eation program within VOXEPLAN), but then has its own strategy to deter-
mine the treatment technique by using an iterative algorithm which was
described by Bortfeld et al. [21]. Dose volume histogram calculation and
display are implemented as well as some basic viewing tools for 3D dose
distributions. For a more elaborate evaluation of the dose distributions gener-
ated with KONRAD, the VIRTUOS module can be used. The program is
described in detail in Preiser et al. [24].

The practical problem with inverse planning is the fact that intensity-
modulated beams have to be produced in order to deliver the inversely planned
treatment techniques. The techniques which have been recently developed in
this context are called intensity-modulated radiotherapy (IMRT) (see below).

Modern Conformal Treatment Techniques

As already mentioned, the need for conformal dose distributions has always
beenobviousandwasformulatedmanydecadesago.Conformal therapybecame
a reality with the advent of 3D treatment planning, but still suffered from prob-
lems connected with practical aspects: until recently, irregular-shaped beams
could only be produced by the time-consuming procedure of cerrobend
blocking. This situation has completely changed during the last 4–5 years with
the development and implementation of beam-shaping devices, the so-called
multi-leaf collimators (MLCs). Two kinds of MLCs are available today: those
for medium-sized and large fields, which are implemented in the gantry of linacs,
and added on MLCs for small field sizes (often called mini- or micro-MLCs)
which can be used in conjunction with stereotactic radiotherapy.
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Fig. 7. User interface of the inverse-planning program KONRAD. Shown are the
transverse section (left) and multiplanar reconstructions (middle and right) with target volume
and organs at risk and isodose distribution for an inverse planned prostate case. The lower
row shows the dose volume histogram and the organ parameter specification fields.

Linac-Implemented Multi-Leaf Collimators
In the early 90s, the companies involved in the development of linacs

came up with computer-controlled MLCs integrated into the irradiation head
of the accelerator. At the very beginning, a couple of problems had to be
overcome before these devices could be safely and routinely applied: e.g.
dosimetry of MLCs, verification of leaf positioning, interfacing with the treat-
ment-planning program, and quality assurance turned out to be non-trivial
difficulties. Today, most of these problems have been solved and the MLCs
are being used in clinical practice, mainly with the purpose of replacing blocks
for the creation of irregular-shaped fields. Though the modern MLCs have
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dynamic properties, they are still applied in static treatment techniques practi-
cally everywhere. The real potential of MLCs will be in the future, when
dynamic treatment techniques with MLCs will be implemented to perform
dynamic field shaping and generate intensity-modulated beams (as discussed
below).

Micro-Multi-Leaf Collimators for Stereotactic Radiotherapy
The need for conformal, homogeneous dose distributions was the reason

to start with the development of highly resolving MLCs for small field sizes
(5–50 mm diameter), which are attachable to the accessory holder of a ste-
reotactic linac. Today a variety of mini- and micro-MLCs are available, which
can be attached to the accessory holder of a linac and used within the context
of radiosurgery or precision radiotherapy.

Intensity-Modulated Radiotherapy
As mentioned above, inverse planning requires the generation of intensity-

modulated beams. For radiotherapy with charged particles, the most elegant
method would be the scanning of pencil beams. For photons, however, the
scanning beam idea cannot be applied: there is no physical way to directly
deflect a photon beam. The most obvious way for the generation of an intensity-
modulated photon beam therefore is to use X-ray compensators, or, as recently
suggested by several groups, to apply computer-controlled MLCs. Two differ-
ent techniques are currently being used: the first method, known as the step-
and-shoot technique (or after those who devised it, the Bortfeld-Boyer method
[25]), generates an intensity-modulated beam for a fixed gantry angle by super-
position of several static irregular-shaped fields. The beam has to be turned
on and off for each subfield. The second is a dynamic method which produces
intensity modulation by dynamic movement of the leaves while the beam for
a static gantry angle is turned on all the time [26, 27].

Tomotherapy is another development in the context of intensity modula-
tion. The idea here is to apply intensity-modulated beams by using a dynamic
slit MLC in a rotation-translation treatment technique.

Today, about 20 centres worldwide already apply IMRT clinically, either
using compensators, static or dynamic MLC or tomotherapy. In our institute,
we decided to start clinical studies first of all with the use of our inverse-
planning program KONRAD in connection with the generation of intensity-
modulated beams by compensators. Using compensators has the advantage
that dosimetry, verification and quality assurance of the new technique can
be done off-line and under conventional conditions. The plan for one of
our first patients treated with ML-IMRT using the fast MLC control unit
(SIMTEC) is shown in figure 8.
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Fig. 8. Inverse-planned treatment plan for a patient with a meningioma. The plan shows
the directions of the seven IMRT beams, which were produced with a Siemens-MLC using
the fast ML-sequencer SIMTEC. The delivery time was in the range of 15 min.

Conclusions

Modern radiotherapy is characterised by new technological developments.
It is very much influenced by developments in computer science and medical
imaging. The whole chain of radiotherapy is benefitting by these developments.
First of all, concerning the aiming problem in radiotherapy, the introduction
of stereotactic patient fixation, target localisation and positioning techniques
lead to a higher degree of precision. The development of CT- and MRI-
based 3D treatment planning is the basis of conformal therapy, which has the
potential of improved sparing of organs at risk and dose escalation in the
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target volume. The same holds for the implementation of computer-controlled
MLCs in modern linacs. The development of inverse treatment planning and
the initiation of IMRT are further milestones in the development of 3D con-
formal radiotherapy, especially of concave-shaped lesions. All these innova-
tions and developments are contributing to improved precision, efficiency and
safety of radiotherapy. It seems that with these developments, we are now
close to the physical and technical frontiers of high-energy photons. Future
research in radiotherapy will have to clarify whether further physical improve-
ment in 3D dose distribution, especially by minimising volume and integral
doses in healthy tissues with the use of charged particle beams will result in
additional benefit for the patient.
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Intensity-Modulated Stereotactic
Radiosurgery
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Intensity-modulated radiotherapy (IMRT) is being widely embraced by
the radiotherapy community as a means of producing dose distributions that
are considerably superior to those using standard methods. In this chapter,
we present examples based on some preliminary work to determine the effec-
tiveness of IMRT for stereotactic radiosurgery (SRS) of tumors of the brain.
Specifically, we would like to answer the following questions: Can IMRT, using
a set of fixed fields and delivered with a dynamic multileaf collimator (DMLC)
lead to improved dose distributions compared to SRS using multiple arcs or
fixed uniform-field radiotherapy using multileaf collimators (MLCs)? Sec-
ondly, does IMRT have advantages in terms of superior dose distributions
and efficiency when multiple small tumors are encountered? We assume that
superiority of IMRT for large, complex shapes has already been demonstrated
for other sites.

A goal of SRS is to reduce the dose immediately outside of the planning
target volume (PTV) to levels below those considered injurious to normal
brain. Therefore, a margin of zero is often used when treating brain tumors
with fixed conformal fields to produce high gradients at the target boundaries
while accepting higher dose inhomogeneity within [1]. Our aim was to exploit
the property of IMRT to sharpen beam boundaries and produce more homoge-
neous dose distributions by depositing the needed extra photon fluence inside
and near the target boundaries [2]. While this feature of IMRT has been
demonstrated for larger tumors, its efficacy is not guaranteed for small tumors
due to the lateral transport of radiation.



a b
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Fig. 1. Transverse dose distributions on an image section through the PTV for example 1
comparing a five-arc plan (a), a plan with 11 fixed-gantry uniform fields chosen along arcs
(b) and an intensity-modulated plan with the same 11 fixed-gantry fields (c). All plans were
normalized to deliver 15 Gy to 95% of the PTV.

Intensity-Modulated Radiosurgery Methods

In our investigations, we employed a Brainlab mini-micro MLC (m3). The
main distinguishing feature of m3 is that it has narrower and variable leaf widths
as compared to the industry standard, i.e. 14 pairs of 3-mm, 6 pairs of 4.5-mm
and 6 pairs of 5.5-mm leaves. It would seem logical to assume that thinner leaves
are important for improving IMRTdose distributions,more so thanwhen MLCs
are used to deliver uniform field treatments, but we have not demonstrated this
conclusively so far. For the latter, the MLCs are used to define only the boundary
of the target volume, whereas for the former the leaf width affects dose distribu-
tions within the slabs of target volume and tissues.

The formalisms, algorithms and software comprising the IMRT system
for optimization of intensity distributions, for conversion of optimized intensity
distributions into leaf trajectories of the Brainlab m3, and for dosimetric
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Table 1. Normal brain and brainstem dose-volume data for example 1

SRS 11 uniform IMRT
5 arcs beams 11 beams

Normal brain volume in 1,500 cGy isosurface 4.81 2.98 2.69
volume in 1,350 cGy isosurface 6.42 3.7 3.45
volume in 1,200 cGy isosurface 7.64 4.86 4.69
volume in 750 cGy isosurface 14.31 10.21 10.4
irradiated vol./tumor vol. 2.52 1.56 1.41

Brainstem volume in 1,500 cGy isosurface 0.09 0.09 0.04
volume in 1,200 cGy isosurface 0.2 0.24 0.18
volume in 750 cGy isosurface 0.39 0.55 0.42

verification of IMRT and other quality assurance, steps specific to IMRT were
developed at our institution. The IMRT system was coupled to the ADAC
Pinnacle3 three-dimensional radiation treatment planning (3-DRTP) system,
whose dose calculation engine was used by the IMRT system for optimization.
The 3-DRTP system was also used to provide the contours of target volumes
and normal critical structures and beam directions for the IMRT system and
for the final evaluation of treatment plans. For treatment delivery, the leaf
trajectories, consisting of leaf positions as a function of monitor units obtained
from optimized intensities, are transferred to the DMLC controller. This
DMLC controller utilizes the driver software, developed by the vendor of the
treatment machine (Varian), to move the leaves to their designated positions
while the beam is on.

The objective function for optimizing intensity distributions, i.e. the opti-
mization criteria, was specified in terms of dose-volume limits. An example
of such criteria may be that at least 95% of the target volume should receive
higher than the prescription dose and that no more than 5% of the target
volume should receive higher than prescription dose +10%. Similarly, the
normal tissue dose may be constrained so that no more than the specified
volume receives higher than the specified dose. Such constraints are expressed
mathematically as variance of dose (sum of squares of actual and desired dose
values at all points of interest) from desired dose ranges and only the values
lying outside the dose ranges are penalized by factors specified by the user.
Of course, the specified constraints are rarely met and the values ultimately
achieved are compromises between competing constraints. Often a trial-and-
error process is needed to adjust constraints and penalties to achieve optimum
results. We present two illustrative examples of the application of these methods
in the next section.
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Fig. 2. Intensity distributions for 5 of 11 beams of example 1 of IMRT.
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3

Examples

The first example is a case of a 6-year-old girl with an ependymoma of
the posterior fossa, diagnosed first at the age of 3, resected and treated with
chemotherapy and external-beam radiotherapy. She had three local recurrences
prior to the current recurrences, all resected. In the current recurrence, a small
tumor was found in the tumor bed near the brainstem. In fact, the delineated
PTV and the brainstem overlapped slightly. The tumor was resected and a
radiation dose of 15 Gy in one fraction was prescribed to the tumor bed. To
minimize the dose to the brainstem and normal brain, coverage of 95% of
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Fig. 3. Dose distributions on a selected set of transverse sections comparing 9-arc plan
vs. 9 coplanar beam IMRT plan.

the PTV by the prescription dose of 15 Gy was considered acceptable. The
dose to the brainstem was to be limited to 12 Gy. The patient was treated with
5 arcs: 2 lateral, 2 superior obliques and 1 through the vertex. We compared this
plan to a plan with fixed-gantry-angle conformal uniform fields as well as
fixed-gantry-angle intensity-modulated fields. For both of the fixed field plans,
3 fields were chosen along each of the 2 lateral arcs, two fields along each of
the superior oblique arcs and 1 field through the vertex, for a total of 11 fields.
Gantry angles were chosen to be maximally avoiding each other. As discussed
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above, the block (or MLC) margin around the PTV for the fixed-field plans
was set to zero to minimize the volume of normal brain receiving high doses,
but accepting higher target dose inhomogeneity. Figure 1 compares these 3
plans. It is evident that the uniform-field plan is far more conformal as com-
pared to the 5-arc plan. However, the IMRT plan is only modestly more
conformal than the uniform-field plan. Dose-volume histograms indicate that
the target dose is most homogeneous for the arcs plan and least homogeneous
for the uniform fields. As expected, IMRT improves target dose homogeneity
over uniform fields.

Table 1 shows dose-volume data for normal tissues for all 3 plans. The
main point to be noted is that the volumes of normal brain and brainstem
exposed to higher doses are somewhat smaller for the IMRT plan than for
the uniform-field plan, and both are significantly smaller than for the arc plan.

The index of conformity defined by the ratio irradiated volume/tumor
volume is the smallest for the IMRT plan.

Considering dose homogeneity and normal tissue sparing, the IMRT plan
was judged to be the best overall. However, for this case involving a small
convex tumor, IMRT offered only a modest gain as compared to uniform
fields. It would seem logical that for small convex tumors, conformal arcs (arcs
in which the field shape is continuously changed to conform to the target
shape as the gantry rotates) may perform even better due to the inherent
capacity of beams incident from all directions to geometrically produce higher
gradient at the border of objects being irradiated. Similarly, IMRT arcs or a
large number of IMRT beams may further improve dose distributions provided
one can conceive of an efficient way of delivering them.

Figure 2 shows intensity distributions of 5 of the 11 beams (all except
those along the lateral arcs). It is interesting to observe that intensities at the
outer edges of the beams are generally higher than for regions in the middle,
possibly due to an attempt by the IMRT optimization process to produce
sharp dose gradients at the boundaries.

The IMRT plan shown here is one of many plans produced. Other plans
generated were for different beam configurations, including coplanar ones,
different margins and for a range of parameters of the objective functions.
Further trial-and-error may yield further improvement.

The second example is that of recurrent metastasis to the brain from
mixed adenosquamous carcinoma of the lung. There were 2 tumor nodules
5 cm apart, one located medially and the other laterally, each about 1 cm3.
Each tumor was treated with 2 sets of 5 and 4 arcs on a protocol for enhancing
recurrent tumors with fractionated stereotactic radiotherapy of 9 Gy/
fraction¶3. As in example 1, a margin of zero was assigned for IMRT to
minimize the volume of normal brain exposed to high doses, accepting higher
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Fig. 4. Dose-volume histograms for the two tumor nodules.

Table 2. Dose-volume data for the normal brain for
example 2

Arcs IMRT

Volume in 600 cGy isosurface 12.57 10.31
Volume in 700 cGy isosurface 9.22 5.99
Volume in 800 cGy isosurface 6.83 3.17
Volume in 900 cGy isosurface 3.56 1.32
Volume in 1,000 cGy isosurface 0.41 0.45
Irradiated vol./tumor vol. 2.57 1.58

target dose inhomogeneity. The IMRT plan was designed with 9 equispaced
coplanar beams (every 40º) centered around the mid point between the centers
of the two tumors and were intended to treat both tumors simultaneously.

Figure 3 a–d show the dose distributions on selected transverse sections
comparing the 9-arc plan with the 9 coplanar beam IMRT plan. Plans were
normalized so as to deliver the prescription dose of 9 Gy/fraction to 95% of
the target volume.

Figure 4 shows dose-volume histograms for the two tumor nodules. Table 2
shows the dose-volume data for the normal brain and indicates that the volume
of normal brain exposed to high doses is substantially reduced. From these
data it appears that the IMRT dose distributions are more conformal than
arcs. Part of the difficulty of obtaining adequate dose distributions when more
than one set of arcs is employed is that each arc contributes dose to the region
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treated by other arcs. For this reason conformal arcs may not be able to
produce as good dose distributions for multiple foci as they do for a single
tumor.

Conclusions

Two examples are presented to examine the potential of IMRT for SRS.
The first example of a small convex tumor is too simple a case to fully take
advantage of IMRT. The second case of 2 foci is better able to take advantage
of the ability of IMRT to plan and treat both tumors simultaneously. The
IMRT dose distributions are better than arcs and the delivery would be easier
and require less time. Although not shown here, IMRT should do better for
complex tumor shapes as well, especially those requiring multiple isocenters.
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Intravascular Brachytherapy to Inhibit Restenosis

Stenoses of coronary arteries are the main cause of mortality in the western
world. Dilation of stenotic vessels was enabled by percutaneous transluminal
coronary angioplasty (PTCA) developed by Dotter and Judkins [1] and in-
troduced into clinical practice by Grüntzig et al. [2] as a minimal invasive
treatment modality (fig. 1). Recurrent stenosis, however, was observed in about
half of the cases a few months after the intervention. Since then, inhibition
of restenosis has been the focus of research in numerous experimental studies
and clinical trials. Alternative or additional treatment modalities, such as
stenting, directional, rotational and laser atherectomy were developed and
successfully applied. However, all these attempts, even when combined with
a large variety of pharmacological agents, could not inhibit recurrent stenosis.

Vascular radiotherapy [3–9] with low doses applied immediately after the
intervention has recently proven to be the first method to significantly reduce
the risk of restenosis. The success of endovascular brachytherapy, first achieved
in the treatment of large peripheral vessels [10], was also verified in the treat-
ment of coronary arteries in numerous animal studies [11, 12] and in more
than 30 clinical trials [9]. Although a wide variety of therapeutic photon and
beta radiation sources (table 1) and dose delivery techniques have been applied
[13], decisions about the optimal method of vascular radiotherapy and radi-
ation source are not yet possible. The reliability and practicability of the
technique must be taken into consideration.

Three processes contribute to restenosis as a response to arterial wall
injury: elastic recoil effects immediately after PTCA (requiring stenting in



Fig. 1. Angiogram and IVUS tomogram of a stenotic coronary artery prior to (a) and
after PTCA (b).

a

b

about half of the cases) [14], neointima hyperplasia developing a few weeks
after the intervention, and ‘negative’ remodeling [15], a serious shrinkage of
the vessel wall after several months of wall thickening. Intravascular brachy-
therapy can inhibit both neointima hyperplasia and arterial remodeling.

Intravascular-Ultrasound and Plastic-Scintillator Dosimetry

Accurate vascular radiotherapy demands high-resolution localization and
precise dosimetry, careful treatment planning, documentation, reporting and
evaluation [16].
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Target Volume
Neither the biology of stenosis and restenosis nor the radiobiology of

radiation inhibition of stenosis are sufficiently understood. But there is evi-
dence that the whole arterial wall of the injured vessel section, including
intima, media and adventitia, has to be considered as the target volume [16].
Suitable safety margins have to be applied to avoid edge restenoses at the ends
of the vessel section injured by the intervention.

Structures at Risk
Irradiation-related complications have not been observed so far in vascular

radiotherapy [17], but there is experimental and clinical evidence [18] that the
vasa vasorum supplying the arterial wall have to be regarded as the structures
at risk. The risk, however, seems to be low, as the doses delivered in vascular
radiotherapy are much smaller than the tolerance of the microvasculature.
Radiation-induced stenosis has been observed only for high doses exceeding
40 Gy of mediastinal irradiation in the treatment of Hodgkin’s disease or
breast cancer, and only in patients with a high stenotic risk, such as smokers,
diabetics, or overweight patients [19]. In addition, the latency period of 5–20
years is very long compared to a few months after the intervention.

High-Resolution Localization
X-ray angiography provides projectional views of the stenotic vessel sec-

tion in relation to its environment (fig. 1), but does not enable quantification
of the stenotic situation nor does it provide the data required for treatment
planning. Intravascular ultrasound (IVUS) [20, 21] is the solution for localiza-
tion for vascular brachytherapy planning (fig. 1). IVUS allows to quantify
and characterize the vessel wall architecture [14, 15, 22, 23]. Derived from a
series of IVUS tomograms, two-dimensional ultrasound views of the artery
wall in vivo can be reconstructed [24, 25] (fig. 2). The high ultrasound frequency
(40 MHz) and the potential of phased-array focusing and echo acquisition
allow for high-resolution localization. In addition, Fourier transform analysis
of the frequency spectrum of the sound signal enables quantification of the
blood flow situation prior to, during and after the intervention.

High-Precision Dosimetry
Dosimetry of intravascular brachytherapy with low-energy photon radi-

ation or therapeutic beta radiation (table 1), both with very high dose rates
(up to 50 Gy/min) and an extremely steep dose decrease (e.g. for beta radiation
more than 4 orders of magnitude of dose within 10 mm) mean a great challenge
for medical physicists [16, 26]. The requirements for the direct measurement
of the absorbed dose to water cannot be satisfactorily performed by common
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Fig. 2. IVUS localization: reconstructed longitudinal IVUS tomogram from a series of
ultrasound tomograms of a coronary artery wall.

methods of brachytherapy dosimetry, such as thermoluminescence dosimetry
or radiochromic film dosimetry [26–30]. Also, dose calculations or Monte
Carlo simulations [31] cannot replace direct measurement, as they require
knowledge of the physical situation in advance. Thus, high precision, high
resolution and fast measurement of the absolute and relative distributions
of the absorbed dose to water are basically required for endovascular brachy-
therapy.

Plastic scintillators, which have been known for years to be ideal for eye
plaque dosimetry [32–34], are optimal for endovascular source dosimetry as
well [16]. The tissue-substituting detector probe enables energy-independent
dosimetry (p×2%) for all beta radiation sources and for photons with energies
above 200 keV. Due to its high sensitivity, very tiny detectors (e.g. 1 mm in
diameter and 0.4 mm in length) can be used, providing the high spatial reso-
lution required in vascular brachytherapy. The scintillation light guided by
thin tissue-substituting fibers, converted by highly sensitive photo-multipliers
into electrical current and integrated by a PC within fractions of a second, is
proportional to the absorbed dose to water. The large and linear dynamic
range of the dosemeter system (over up to 6 orders of magnitude of dose)
enables high-precision dose measurements around all sources for endovascular
brachytherapy, e.g. from the surface of the high-activity source down to the
background of bremsstrahlung (fig. 3).

Detector and dosemeter system (including a precision 90Sr check source)
are calibrated in terms of absolute absorbed dose (rate) to water for beta
radiation at the National Institute of Standards and Technology, Gaithersburg,
Md., USA and for photon radiation at the Physikalisch Technische Bundesan-
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Table 1. Sources for intravascular brachytherapy

Source Emean /MeV Emax /MeV T1/2

Beta emitter

186Re 0.35 1.1 90.6 h
32P 0.69 1.71 14.26 days
90Sr/90Y 90Sr: 0.2 0.54 28.8 years

90Y: 0.93 2.28 64.1 h
106Ru/106Rh 106Ru: 0.01 0.039 371 days

106Rh: 1.42 3.54 30 s

Beta, gamma emitter

133Xe b: 0.1 b: 0.35 5.24 days
c: 0.05 c: 0.08

198Au b: 0.3 b: 0.96 2.7 days
c:0.4 c: 0.4

188W/188Re 188W: 0.1 0.35 69 days
188Re: b: 0.77 b: 2.12 17 h
c: 0.16 c:0.93

55, 57, 58Co, 55Fe; radioactive e, b+ – 18 h–=2.7 years
Palmaz-SchatzÔ stent c, X –
48V; radioactive b+: 0.3 0.7 16 days
NitinolÔ stent c: 0.14

Gamma emitter

103Pd/103mRh 0.020 0.021 17.0 days
125I 0.028 0.035 59.4 days
99mTc 0.14 0.14 6.0 h
192Ir 0.37 1.06 73.8 days

X-radiator

Endovascular X-ray tube 0.015 0.02

stalt, Braunschweig, Germany. A high-precision, computer-controlled three-
dimensional (3D) positioning device allows determination of the spatial distri-
bution of dose in water with high resolution and a reproducibility of 1–2%.
Due to its high sensitivity, the computer-controlled system enables fast dose
acquisition: a beta radiation depth dose distribution measured at 50 measuring
points requires less than 10 min.
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Fig. 3. Depth dose distribution of beta radiation of a 90Y-line source of an automated
afterloader, measured by plastic-scintillator dosimetry, normalized to 1 at a radial distance
of z>2 mm from the source center.

Thus, plastic-scintillator dosimetry allows endovascular source calibration
in terms of absorbed dose to water, for all beta and most photon sources
applied. All dosimetric data required by the AAPM TG 60 recommendations
for basic dosimetry and for source characterization as well as those for treat-
ment planning and evaluation can be determined precisely and quickly.

Intravascular-Ultrasound-Guided and Dosimetry-Based Vascular
Brachytherapy Planning

Commercial treatment planning systems for endovascular brachytherapy
are not yet available. But combined, 3D IVUS localization and 3D plastic-
scintillator dosimetry provide a powerful tool for high-precision treatment
planning of endovascular brachytherapy (fig. 4).

Several influences on the spatial distribution of dose have to be considered.
Atherosclerotic arteries show irregular, noncylindrical shapes. The lumen di-
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Fig. 4. IVUS localization for treatment planning combined with isodoses of a 90Y-line
source, normalized to 100% at a radial distance of z>2 mm from the source center.

ameters and vessel wall dimensions vary rapidly (fig. 2). In addition, the living
coronary artery changes its tortuous shape and position with each heart beat
and blood pulse. Thus, for practical treatment planning and evaluation of
dose distribution, a typical average situation has to be considered.

In intravascular brachytherapy, the spatial distribution of dose is pri-
marily influenced by the strong dependence on distance (fig. 2–4). Further,
the spatial distribution of dose is characteristically shaped by the type and
energy of radiation and source geometry. The dose distribution delivered to
the coronary artery also depends strongly on the position of the (line) source
relative to the vessel wall layers. Centering devices, e.g. segmented or spiral-
shaped balloon catheters can center up the source relative to the vessel
lumen, but not to all vessel wall layers. Although the resulting distributions
of dose delivered to the target structures are very broad, the clinical results
are good – as long as the dose delivered is sufficiently high and as sufficiently
long safety margins are applied to fully cover the injured section of the
vessel.
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Fig. 5. Virtual ‘3D’ view of the wall architecture of a stented coronary artery linearly
reconstructed from a series of IVUS tomograms.

Conclusion

Dosimetry is not yet performed routinely for all endovascular brachyther-
apy sources, ultrasound localization is not commonly used (not even in all
clinical trials), and true 3D IVUS-based localization is still in a developmental
stage (fig. 5). But this will change soon. Individual IVUS-based localization
and plastic-scintillator-based 3D dosimetry enable precise and fast treatment
planning as well as evaluation of dose distribution and complete reporting,
which are needed to understand and optimize 3D endovascular brachytherapy.
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Nowadays, brachytherapy planning is based on imaging modalities [1–8],
among which computer tomography (CT) is the most frequently used. Mag-
netic resonance (MR) and ultrasound imaging have also been considered
for brachytheray planning. However, even if MR had some advantages with
reference to tissue resolution and classification (brain and gynecological local-
izations), its use would be limited, mainly because of the long acquisition
times (much longer than for CT). Current developments in three-dimensional
(3D) ultrasound imaging open new horizons for the routine integration of
this imaging modality into brachytherapy.

This chapter focuses on the CT imaging modality. The integration of
imaging into brachytherapy planning enables clinicians to define the planning
target volume (PTV) and the relevant critical structures similarly to external-
beam radiotherapy. This information can then be used to adjust the dose
distribution to fulfill the clinical aims.

The available implementations of CT-based brachytherapy planning sys-
tems enable the manual CT-based reconstruction of implanted catheters and
the dose optimization with regard to the PTV. The accuracy of reconstruction
mainly depends on CT imaging parameters such as slice thickness and interslice
distance. In addition, the accuracy also depends on graphic resolution and the
user’s expertise. The overall reconstruction accuracy of a CT-based treatment
planning system can be as low as 1.0 mm [1]. In clinical brachytherapy, catheter
reconstruction is the most time-consuming and error-prone part of the treat-



Table 1. Imaging parameters for the 35 clinical implants analyzed

Images1 Matrix Slice thickness Interslice distance Catheters1 Plastic Metallic
pixels¶pixels mm mm

37×10 6×3
512¶512 3.0 3.0–5.0 10 25

15–57 3–13

1 Means×1 SD and ranges (in parentheses).

ment planning procedure. This is because the number of catheters can be very
large, as in the case of interstitial brachytherapy, where more than 30 catheters
may be necessary. Imaging-based treatment planning methods can significantly
reduce the time required for treatment planning compared to the use of projec-
tional reconstruction methods (PRM) using radiographs. Even so, a significant
part of the treatment planning time is still spent on catheter reconstruction. For
a large number of catheters or complex catheter geometries, manual catheter
reconstruction can account for more than half of the total treatment planning
time.

Furthermore, the result of the dose optimization procedure strongly de-
pends on the correct selection of the source dwell positions within the catheters.
Current optimization methods are based mainly on minimizing the dose vari-
ance values on the PTV surface. Even if dwell positions outside the PTV were
selected, by mistake these will be considered in the optimization, and some
of them (depending on the implant and PTV geometries) will have non-zero
dwell times. PTV shapes are usually complex and adding in the catheters
with the source dwell positions results in a confusing geometry even for very
experienced planners. Manual selection of the source dwell positions, which
is current practice even for modern systems based on 3D imaging, is a time-
consuming procedure devoid of any guarantee of success.

From the analysis we made on 35 clinical implants (tables 1, 2) manual
catheter reconstruction took up an average of 41% (range 21–71%) of the
total treatment planning time. These times do not include those for image
processing and contouring. Mean reconstruction time was 13.1 min (range
4.5–50.1 min). Mean reconstruction time per catheter was 142.4 s (range
42.9–312 s), and mean reconstruction time per catheter per CT image was
4.1 s (range 1.2–10.0 s). 17% of the treatment planning is spent on selecting the
source dwell positions (range 6–33%). The mean time spent on this procedure is
5.1 min (range 1.5–15 min), which corresponds to a mean time of 56 s per
implanted catheter (range 22.5–100.0 s).
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Table 2. Time analysis for the different components of the treatment planning procedure
for the 35 clinical implants

Imaging and Reconstruction Source dwell Optimization Evaluation Total
contouring min position selection min min min
min min

16.3×7.3 13.1×10.5 5.1×3.5 5.7×4.8 5.8×2.5 46.0×19.1
(7.5–38.0) (4.5–50.1) (1.5–15.0) (2.0–30.0) (1.5–12.0) (21.7–102.9)

36×9% 26×11% 11×5% 20×10% 14×7% 29.6×14.5

– 41×14%1 17×7%1 26×11%1 22×11%1 (12.7–76.1)

Means×1 SD and ranges (in parentheses).
1 Values exceeding the duration of the imaging and contouring procedure.

These results demonstrate that there is an obvious need for methods of
automatic catheter reconstruction and selection of the correct source dwell
positions that significantly decrease the duration of treatment planning and
increase its safety and reliability. In the following we are presenting our solu-
tions.

Computer-Tomography-Based Catheter Autoreconstruction

Algorithms have been developed [9] for the automatic reconstruction and
recognition of plastic and metallic implanted catheters (fig. 1, 2). The process
is based on postimplantation-acquired CT images with the catheters in situ
in their final positions. This includes the relevant patient anatomy, target
volume(s), organs at risk, and the catheters. Catheter searching is made on a
sequence of CT slices and is based on the Hounsfield number of the catheter
material, catheter outer diameter, interslice distance, slice thickness and cath-
eter geometry on the CT slices. If there is no patient motion during CT data
acquisition, there is virtually no error in the autoreconstruction process.

Our algorithms overcome a number of difficulties which arise when a
large number of catheters are present. These include situations with intersecting
catheters and with loop techniques. The time required for the catheter recon-
struction using our autoreconstruction method is significantly reduced. The
accuracy of our autoreconstruction is at least as high as that of the classical
manual slice-by-slice method.
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a b

Fig. 1. Cervix implant with nine metallic trocar point needles. a Representative CT
image showing the catheter areas. b 3D view of the autoreconstructed catheters and the PTV
volume.

a b

Fig. 2. Clinical implant in the head with five plastic flexible catheters. a Representative
CT image showing the catheter areas. b 3D view of the autoreconstructed catheters and the
PTV volume.
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The accuracy of our autoreconstruction method has been tested in routine
clinical practice. Twenty-two implants were selected to cover a representative
spectrum of anatomical sites and implant geometries as well as different cath-
eter types and materials. The accuracy of our automatic catheter reconstruction
method was analyzed for the catheter-describing points and for the recon-
structed source dwell positions within the catheters produced every 2.5 mm
starting from the given catheter tip [1]. The mean errors over all catheters or
source dwell positions for each catheter are stated where the manual catheter
reconstruction was used as reference. The error analysis based on catheter-
describing points showed mean geometrical errors varying from 0.34×0.23
to 1.1×3.33 mm with a mean value of 0.65×0.34 mm for all 22 implants.
Analysis based on source dwell position gave mean geometrical errors varying
from 0.36×0.16 to 1.31×0.42 mm with a mean value of 0.84× 0.34 mm.

A time analysis was further performed for another group of 30 clinical
implants. For this purpose, the autoreconstruction was compared to manual
reconstruction as performed in the clinical routine. In 27 of the 30 cases (90%),
no manual intervention by the user was needed during the autoreconstruction-
based process. For these 27 cases, automatic catheter reconstruction was 25.7
times (mean value) faster than the manual reconstruction as applied in the
clinical routine. The mean time needed for our autoreconstruction method
was 21.4 s compared to 9.12 min for the corresponding manual procedure. For
the 3 cases where manual intervention was required, the catheter reconstruction
based on our autoreconstruction algorithm was 8.2 times faster (mean value)
than the corresponding manual reconstruction. The mean reconstruction time
with our method, including the intermediate manual intervention, was 81.7 s
compared to 12.33 min for the manual procedure.

Catheter Reconstruction Based on Digitally Reconstructed
Radiographs

We have developed efficient tools for catheter reconstruction based on
CT-reconstructed radiographs calculated from the 3D volume constructed
from CT slices. Until now, and for projectional reconstruction methods, cath-
eter reconstruction was done from true X-ray radiographs [10–13]. This can
cause errors because of patient motion between two radiograph acquisitions
and because of geometrical inaccuracies of the X-ray system. Additionally,
catheters or parts of these can be covered by bones.

Two different methods have been developed for radiograph-based recon-
struction from a CT volumetric data set. One method is the real simulation
of the physical process (X-rays passing through inhomogeneous human tissue)
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Fig. 3. Four DRRs calculated from the same volumetric data set. DRRs were produced
with different anatomical filters included. a Bone filter. b Soft tissue filter. c Fat tissue filter.
d Original data set projected.

a b

c d

and the second is a real-time volume-rendering method (splatting algorithm).
The user can choose 1 of 12 simulation energies, volumetric resolution parame-
ters, source and isocenter position, FAD and FFD, geometrical region to be
projected and anatomical and/or catheter filters (fig. 3). Projecting only the
wanted kind of catheters, there is no loss of information in the regions covered
by bones or soft tissue.

The user can work with one or two digitally reconstructed radiographs
(DRRs). Target and contours of organ of interest, markers, already recon-
structed catheters and region of influence of the current slice can be projected
on DRR. One can obtain information for the active DRR, save it or load any
previously saved DRR. There is a ruler which helps the user to get the true
geometrical distance in millimeters between any two points on the DRR plane.
Six image-processing filters are included. These are different sharpening and
smoothing filters, and edge detection filters. Navigation tools from one to the
other reconstructed radiograph, from radiographs to CT volume and from
the volume to radiograph are provided. Two different methods have been
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developed for catheter reconstruction: (a) matching of corresponding points
supported by navigation tools (fig. 4) and (b) automatic matching of corre-
sponding points and catheters on the CT-reconstructed radiographs (polyno-
mial method without need for defining the correspondence).

As we use two CT-reconstructed radiographs for catheter reconstruction,
we do not have the problem of reconstruction errors resulting from patient
motion, as occurs when making two real radiographs. Navigation tools help
the user during the whole process, and real-time 3D visualization offers the
opportunity of an effective control of the reconstruction result, looking at it
in the 3D view window or at any CT slice (fig. 4b).

In the case of classical gynecological brachytherapy applications the newly
developed reconstruction methods based on CT-reconstructed radiographs
can further help identify bony structures and reference points as proposed by
ICRU 38 [14].

Autoactivation of Source Dwell Positions

A new technique has been developed [15], the autoactivation procedure,
which automatically recognizes those source dwell positions within recon-
structed catheters that satisfy specified geometrically defined constraints rela-
tive to the PTV and critical structures.

Our method is based on postimplantation CT images which include the
implanted catheters and the relevant patient anatomy with target volume(s)
and critical organs. We consider the following geometrical constraint criteria
for the autoactivation procedure. (a) The dwell position is inside the PTV with
or without an isotropic 3D margin around it. (b) The dwell position retains
a specified minimum distance from one or more critical structures. The iso-
tropic 3D margin around the PTV [16–19] is defined as a negative or positive
distance value in millimeters and takes into account the cases where the source
dwell positions either must be inside the PTV, keeping a minimum distance
from its surface (negative margin value) or they can also be outside the PTV,
keeping a maximum distance from its surface (positive margin value).

If the requirement is to activate (select) only source dwell positions that
retain a minimum distance (offset) from the surface of a given contoured
structure, this is methodologically equivalent to setting an isotropic margin
equal to the offset around the 3D surface of the object and then searching
for those source dwell positions which are inside or outside the new 3D surface
consisting of the original 3D surface to which the margin is added. Generally,
this can result in an increase (positive offset and margin) or a decrease (negative
offset and margin) in the volume considered. For our purposes, we suggest
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b

Fig. 4. Prostate implant with four metallic needles. a Two DRRs calculated from the
same volumetric data set and with the same isocenter coordinate. Navigation tool from one
to the other DRR is presented. b After catheter reconstruction, the results can be seen in
3D and 2D (on CT slice) view.
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a b

Fig. 5. Thoracic wall implant with 12 plastic catheters and a PTV of 504.8 cm3. a 2D
view of the result of the autoactivation taking into account only the PTV and using an offset
>–6.0 mm. b 3D view of the result of the autoactivation showing the active source dwell
positions and the PTV surface.

that the 3D surface of any anatomical structure (PTV, critical structures) is
described by an adequate triangulation based on the contours of that structure.

Our autoactivation tool offers four different methods for calculating
distances. Three of them are based on the provision of an isotropic 3D
margin (positive or negative value) around the triangulated surface of a
contoured structure: (a) center of gravity method, (b) normal vector based
method and (c) distance-mapping method. The fourth method is based on
directly calculating the distance of a point from a triangulated 3D surface.
Analysis of the accuracy of all four options has shown [15] that the autoacti-
vation procedure based on the normal-vector method to provide isotropic
3D margins is the most adequate for the clinical routine regarding speed and
achievable accuracy.

To demonstrate the benefits of the autoactivation algorithm, 27 different
clinical implants were investigated and the results obtained with our method
were compared to those obtained using the manual source dwell position
selection procedure. The PTVs ranged between 19 and 265 cm3 and the number
of catheters ranged between 3 and 13. The mean number of catheters per
implant was 5×3. The mean number of CT transaxial images per implant
was 39×10 (range 15–57 images).
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a b

Fig. 6. Brain implant with 10 plastic catheters and a PTV of 87.3 cm3. a 2D view of
the result of the autoactivation taking into account only the PTV and using an offset
>–5.0 mm. b 3D view of the result of the autoactivation showing the active source dwell
positions and the PTV surface.

Representative CT transaxial images and the corresponding 3D views of
the PTV and the reconstructed source dwell positions within the catheters for
two selected clinical cases are shown in figures 5 and 6.

After clinical treatment planning was completed, these implants were
input into our software [1] and the autoactivation procedure was utilized based
on the margins (offset values) previously used for clinical treatment planning.
The time needed for the autoactivation was electronically recorded. During
the clinical planning procedure, the time needed for the manual selection of
the appropriate source dwell positions was measured and recorded. The mean
time needed for the autoactivation procedure was 15.2 s compared with 306.6 s
for the manual procedure (speed-up factor of 20.2). This corresponds to a
mean autoactivation time per source dwell position of 0.071 s compared with
1.32 s for the manual selection procedure.

Discussion

The new tools developed and described here simplify the treatment
planning procedure of brachytherapy. Not only the achieved speed-up but
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also the accuracy and reliability of the solutions we presented open new
horizons in modern brachytherapy. Treatment planning can be done by
clinicians, physicists and dosimetrists and is not any more limited to highly
experienced ‘experts’. The running developments in the field of anatomy-
based dose optimization will enable a real inverse planning and conformation
in brachytherapy. The future of imaging-based treatment planning and im-
aging-based brachytherapy in general will be definitely influenced by these
efforts.
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About 30% of patients with non-small-cell lung cancer (NSCLC) have
locally advanced tumors with involvement of mediastinal lymph nodes (stage
IIIA/B). In this situation, radiotherapy is the mainstay of treatment, either
alone or in combined-modality schedules [1]. At the time of diagnosis, patients
often present with bulky primary tumors and extensive mediastinal involve-
ment so that the initial planning target volume amounts to 30–40% of the
volume of both lungs. For example, according to a restrictive definition, the
initial planning target volume has to include the clinical target volume and a
margin of 0.7 cm in all directions, which considers setup errors and organ
movements. The clinical target volume then contains the gross primary tumor
volume and lymph node stations with nodes ?1 cm in their shortest diameter
as well as all lymph node sites known to be involved by mediastinoscopy with
a margin of 0.5–1.0 cm but not beyond uninvolved anatomical borders (such
as periost of noninvolved vertebral bodies or mediastinal pleura). In addition,
most combined-modality protocols include the ipsilateral mediastinal lymph
nodes except the paraesophageal and pulmonary ligament nodes below the
carina as well as the contralateral paratracheal nodes in the clinical target
volume up to a cumulative dose of 45–50 Gy. The corresponding large target
volumes preclude the application of total doses larger than 60–70 Gy in many
patients without exceeding the tolerances of the surrounding normal tissues,
especially in the lung and spinal cord. After conventionally fractionated radio-
therapy up to 60–70 Gy, however, local control rates of less than 20% were
observed [2, 3].



Combined Radiochemotherapy

One of the most effective strategies to improve locoregional control of
locally advanced NSCLC is the combination of chemotherapy and simul-
taneous radiotherapy. This has been first demonstrated by an EORTC study
combining daily or weekly cisplatin and simultaneous split-course radiother-
apy [3]. The locoregional control rates at 3 years increased from 5% after
radiotherapy alone to 28% after radiochemotherapy (p>0.01). However, this
result was not unequivocally reproduced in another moderate-sized phase III
study with more than 100 patients per arm comparing radiotherapy alone
with radiotherapy and cisplatin every 3 weeks [4]. More recently, Furuse et al.
[5] compared conventionally fractionated radiotherapy to 56 Gy with a 10-
day break after 28 Gy and simultaneous chemotherapy with mitomycin C,
vindesine, and cisplatin versus the same chemotherapy regimen and continu-
ous-course radiotherapy to the same total dose given sequentially. They found
the simultaneous schedule with a shorter total treatment time to be significantly
more active, with a surviving fraction of 16% at 5 years in comparison to 9%
after sequential therapy. This important study demonstrates that the total
treatment time of both radiotherapy and chemotherapy critically determines
the therapeutic effect. Furthermore, the dose intensity of radiotherapy during
concurrent radiochemotherapy is an important factor for the locoregional
treatment effectiveness. A randomized trial strictly testing this hypothesis is
only available for small-cell lung cancer (SCLC) patients [6]. In this trial,
conventionally fractionated thoracic radiotherapy to 45 Gy in 5 weeks was
compared with accelerated hyperfractionated radiotherapy to 45 Gy in 3 weeks
with 2¶1.5 Gy per day both starting simultaneously with the first course of
etoposide/cisplatin. SCLC is more chemoresponsive than NSCLC and there-
fore repopulation should be more effectively hindered by chemotherapy in
SCLC. Nevertheless, survival was significantly better after accelerated hyper-
fractionated radiochemotherapy, reaching the very good mark of 26% at 5 years
compared to 16% after conventionally fractionated radiotherapy. Locoregional
recurrences were observed in 52% of patients after conventionally fractionated
radiotherapy and 36% of patients treated with accelerated hyperfractionated
radiotherapy.

Cisplatin-containing chemotherapy regimens given in full dose have the
potential to decrease the risk of distant metastases in patients with locally
advanced NSCLC. This has been demonstrated in a moderate-sized French
trial analyzing the concurrent risks after radiotherapy alone and sequential
radiotherapy and chemotherapy with vindesine, cisplatin, lomustine, and cyclo-
phosphamide [2]. The two other randomized trials with more than 100 patients
per treatment arm comparing conventionally fractionated radiotherapy alone
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with sequential cisplatin-containing chemotherapy and conventionally frac-
tionated radiotherapy also showed a trend toward better survival and less
distant metastases in the combination arm [7, 8]. However, the risk of cerebral
metastasis is not substantially reduced by current cisplatin-containing chemo-
therapy regimens according to a retrospective analysis of the Radiation On-
cology Therapy Group (RTOG) database [9]. Meta-analyses giving overviews
of all past randomized trials comparing radiotherapy in combination with
cisplatin-containing chemotherapy and radiotherapy alone for patients with
locally advanced unresectable NSCLC, showed that the radiochemotherapy
trials are associated with better survival. This holds for both sequential and
simultaneous cisplatin-based radiochemotherapy schedules [10, 11]. However,
the average 13–17% reduction of mortality by the combined-modality schedules
translates only to a modest absolute increase in survival at 5 years. The latter
exceeds 10% only in very few studies. Therefore, it is important to select
patients for combination programs who may profit most from the intensified
treatment. Selection criteria chosen by the RTOG, the Eastern Cooperative
Oncology Group (ECOG) and the Cancer and Leukemia Group B (CALGB)
are the following: Karnofsky performance status q70, weight loss =5% in
the last 3 months, and no pleural effusion.

Based on these data, radiochemotherapy according to well-evaluated
schedules that have shown their efficacy in large randomized studies [3, 8] is
suggested for selected patients with a good performance status outside clinical
trials [12, 13]. However, the gain in life expectancy is only modest and general-
ization of the results of the randomized studies towards the various different
subsets of patients with inoperable locally advanced NSCLC is difficult. Thus,
there is up to now no general agreement on the routine use of radiochemother-
apy as standard treatment in inoperable locally advanced carcinomas [14,
15]. According to the current guidelines of the Deutsche Krebsgesellschaft,
radiochemotherapy should be applied solely in the frame of clinical trials [15].
It is awaited that these guidelines will be rediscussed in the near future.

Further improvements of the results of definitive radiochemotherapy in
locally advanced NSCLC are awaited from the introduction of new drugs,
i.e. the taxanes. Randomized studies, which compare traditional cisplatin-
containing regimens with regimens containing new drugs given concurrently
or sequentially with radiotherapy are not available at this time in LAD-
NSCLC. Up to now, phase I/II studies have been performed that define the
toxicity profile of taxane-radiotherapy combinations. Acute mucosal toxicity
to the esophagus is intensified and can become dose-limiting, even in combina-
tions with conventionally fractionated radiotherapy [16]. The latter causes
grade 3 esophagitis in less than 5% of the patients as a single modality. In
addition, the risk of acute lung reactions also appears to be also slightly raised
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in simultaneous radiotherapy-taxane schedules [17]. A retrospective analysis
reported by Yamada et al. [18] reveals that the risk of pneumonitis is also
increased in radiotherapy and simultaneous administration of the topoisomer-
ase-I inhibitor CPT11. However, all published phase I/II studies lack sufficient
data characterizing the radiation dose distributions to the lungs. Therefore, a
quantitative analysis of the lung-tolerance-modifying effects of the new drugs
cannot be made.

Quantitative data have been reported recently allowing the estimation of
the pneumonitis risk after radiotherapy alone from the inhomogeneous dose
distributions to the lungs. Kwa et al. [19] analyzed the association between
the mean physical lung (Dmean) as a simple descriptive parameter of the dose
distributions and the risk of pneumonitis grade q2 in a retrospective series
of 399 lung cancer patients. Dmean above 22 Gy led to a marked increase in
the pneumonitis risk. Dmean associated with a pneumonitis risk of 50% (Dmean50)
was about 34 Gy. We also retrospectively evaluated 64 patients with NSCLC
who received either cisplatin/etoposide sequentially and/or simultaneous tho-
racic irradiation and found a slightly smaller value for Dmean50 of 29 Gy. The
accuracy of those estimates is limited by the number of patients as well as
treatment- and patient-related confounding factors. Experimental and clinical
data indicate that the radioresponsiveness of the lungs is not isotropic: the
basal parts which show enhanced perfusion may have an increased number
of functional units per unit volume and are therefore more radioresponsive
[20, 21]. Furthermore, low pretreatment lung function and preexisting lung
disease as well as older age have been identified as important negative modifiers
raising the pneumonitis risk [22–25]. It is well known from retrospective studies
that the pneumonitis risk is not only affected by total radiation dose but also by
fraction size. Roach et al. [26] analyzed 1,911 patients and found an increased
pneumonitis risk at doses q2.7 Gy per fraction. Twice-daily irradiation with
reduced doses per fraction lead to a reduction in pneumonitis risk.

Neoadjuvant Radiochemotherapy and Resection

Neoadjuvant radiochemotherapy schedules aim at optimizing local tumor
control using radiochemotherapy followed by resection. Combined schedules
with full-dose chemotherapy either preoperatively alone [27–29] or pre- and
postoperatively [30, 31] take advantage of the systemic efficacy of this treatment
modality. Comparison of the results from the different phase II studies reveals
that the rate of pathologic complete remissions (PCR) in the mediastinum
(ypN0-1) rises with increasing biological effective doses of preoperative radio-
therapy component in patients with initial mediastinal involvement (table 1).
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Table 1. Mediastinal remission as a prognostic factor after preoperative radiochemotherapy for stage
IIIA/IIIB NSCLC

Study Preoperative schedule N2/N3 patients ypN0-1 Survival Survival
(total radiation dose evaluable for % ypN0-1 ypN2
and chemotherapy) mediastinal remission % %

Cleveland [32] 27 Gy (b.i.d.) || FEP 42 37 80 (2 y) 27 (2 y)

Boston [31] 42 Gy (b.i.d. 39 67 60 (3 y) 18 (3 y)
(12-day break)) || 2¶FVP

Essen [27] 3¶EPK45 Gy (b.i.d.) || EP 60 77 44 (3 y)

SWOG 8805 [30] 45 Gy (q.d.) || 2¶EP 74 53 41 (3 y) 11 (3 y)

E>Etopsoide; P>cisplatin; F>5-fluorouracil; V>vinblastine; K>followed by; ||>simultaneous with;
b.i.d.>2¶1.5 Gy/day; q.d.>1¶1.8 Gy/day.

Preoperative radiochemotherapy was highly effective in the mediastinum. A
PCR in mediastinal lymph nodes was achieved in 37–77% of the patients
evaluable for response in the mediastinum. PCR is an important prognostic
factor for long-term survival after neoadjuvant combined-modality treatment
(table 1). Survival rates of ?40% were found for patients with initial medias-
tinal involvement who had a PCR in the mediastinum. Patients with persisting
tumor in mediastinal nodes at the end of the neoadjuvant radiochemotherapy
had a markedly less favorable prognosis. The Essen Group pointed out the
prognostic value of downstaging in the mediastinum after neoadjuvant radio-
chemotherapy a while ago and as a consequence introduced repeat mediastino-
scopy as an obligatory reevaluation procedure at the end of neoadjuvant
radiochemotherapy. Only patients with either PCR in the mediastinum or
persisting tumor in only one single lymph node site were operated on [27].
Compared with PCR in the mediastinum, several series demonstrated that the
frequencies of PCR in both the mediastinal lymph nodes and the primary
tumor, i.e. a ypT0pN0 stage, were significantly lower, i.e. 15 (5–26%) in intent-
to-treat analyses of all recruited patients in the different trials [27–33].

The preoperative radiation dose can only be increased within certain limits
in combination with cisplatin-containing chemotherapy in order to achieve a
PCR. In two studies, an increased postoperative death rate of about 20%
was observed after total radiation doses of 60 Gy given preoperatively with
conventional fractionation. The rate of severe complications increased espe-
cially after pneumonectomy [34, 35]. Only one neoadjuvant radiochemother-
apy study demonstrated no postoperative mortality with total radiation doses
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above 50 Gy [36]. A concurrent boost schedule was used giving 45 Gy with
1.8 Gy per daily fraction to the larger initial treatment volume. The second
daily fraction was given with 1.5 Gy to the small boost volume for 6–10 days.
Only 4 pneumonectomies were performed in this study. On the other hand,
neoadjuvant radiochemotherapy schedules up to total doses of =50 Gy given
either with conventional fractionation or with accelerated hyperfractionation
(2¶1.5 Gy per day) led to a postoperative mortality =10% in almost all of
the reported trials.

The large studies using neoadjuvant radiochemotherapy showed satisfac-
tory locoregionalcontrol rates [27–33].Only15% ofall recruitedpatients showed
isolated locoregional relapses, 32% had one or multiple distant metastases, 11%
had both locoregional recurrence and distant relapses on average. These inci-
dences of local recurrences compare favorably with those achieved with radio-
therapy alone or curative radiochemotherapy up to total doses of 60–70 Gy
[2, 9]. Brain metastases as one component of failure were found on average in
27% of patients with relapses across the different trials. Studies, which offered
prophylactic cranial irradiation demonstrated a substantial decrease in the inci-
dence of brain metastases. Especially in patients with a high chance of locore-
gional tumor control (ypN0-1 stage, complete tumor resection), prophylactic
cranial irradiation is a valuable treatment option within clinical trials [37].

At 3 years, the surviving fractions of patients with locally advanced disease
ranged from 18 to 37% (mean 29%) [27–33]. These are favorable results in
locally advanced NSCLC. Unfortunately, randomized studies directly compar-
ing neoadjuvant radiochemotherapy followed by surgery with curative radio-
chemotherapy schedules are yet lacking. Therefore, preoperative radiochemo-
therapy has to be given within clinical trials.

Future Perspectives

Various active neoadjuvant as well as definitive radiochemotherapy regi-
mens have been evaluated in patients with locally advanced NSCLC in patients
with a good performance status. Escalation of total radiation dose and the
introduction of new drugs such as taxanes in definitive as well as neoadjuvant
radiochemotherapy schedules are important developments. The evaluation and
validation of prognostic factors constitute a major task to improve treatment
selection. Apart from performance status and weight loss, other factors, such
as tumor volume, tumor localization, pretherapeutic lung function, response
to induction chemotherapy or radiochemotherapy, as well as the molecular
characteristics and micromilieu of the tumor may gain strong significance for
individual treatment selection and optimization.
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Conventional fractionation (CF), that is the application of 1.8–2.0 Gy
per fraction and five fractions per week, to total doses of about 60 Gy has
been used over the last decades with only modest success as standard treatment
for patients with locally advanced or medically inoperable non-small-cell lung
cancer (NSCLC) [1]. The randomized Radiation Therapy Oncology Group
(RTOG) trial 73-01 was the scientific basis of this schedule [2]. In this trial,
different total doses given either as continuous treatment or as a split course
were compared in 400 patients. Overall survival after 60 Gy was better than
after 40 Gy continuous radiation therapy, 40 Gy split course, and 50 Gy
continuous irradiation; however, these differences did not reach significance.
Doses higher than 60 Gy using CF were not tested in this or other randomized
trials published to date. Even if no formal statistical proof is available to
support the choice of 60 Gy in 2-Gy fractions, this schedule became the
gold standard in clinical practice and in most prospective clinical trials testing
novel treatment approaches, such as combined radiochemotherapy [3, 4].
Originally, it was thought that local tumor control after CF to 60 Gy is in
the order of 40–50% and that distant metastasis is by far the most important
cause of treatment failure [5]. However, more recent studies with rigorous
follow-up using CT and/or bronchoscopy revealed that local tumor control
after conventionally fractionated radiation therapy to 60 Gy is only in the
order of 10–20% [6] and that local failure is the leading cause of death after



radiotherapy at the present time [7]. Survival rates at 2 years are usually
10–20% and at 5 years about 5%. This grim prognosis of locally advanced
NSCLC after standard radiation therapy calls for novel therapeutic
approaches. Among other strategies, such as combined radiochemotherapy
or radiation dose escalation, modified fractionation schedules have been ex-
plored in recent years.

Radiobiological Basis of Modified Fractionation

A host of experimental and clinical studies performed in the last two
decades clearly demonstrate that the radiobiological parameters of a given
fractionation schedule, that is dose per fraction, time interval between fractions
and overall treatment time, importantly influence the probability of local tumor
control as well as of early and late normal tissue damage. High doses per
fraction increase the probability of radiation pneumonitis and fibrosis, radi-
ation myelopathy, and chronic damage to heart and pericardium [8, 9, 11–13,
21]. In contrast, little or even no impact of dose per fraction has been shown
for the majority of experimental tumors [14]. Overall treatment time is of
major importance for local tumor control [10, 15–20], but has only little impact
on classical late radiation damage, such as lung fibrosis and spinal cord damage
[12, 13, 21]. Short overall treatment times increase acute normal tissue damage,
such as esophagitis [13, 22, 23], but also radiation pneumonitis [24]. With
current treatment techniques, the lung usually is the critical, i.e. dose-limiting
organ in radiation therapy of lung cancer. Therefore, the therapeutic ratio of
modified fractionation schedules depends mainly on the probability of achiev-
ing locoregional tumor control versus the risk of radiation-induced inter-
mediate-late and late lung damage.

Two prototypes of modified fractionation, i.e. hyperfractionation (HF)
and accelerated fractionation (AF) have been developed to take advantage of
the differential effects of dose per fraction and overall treatment time on tumor
control versus late normal tissue damage, e.g. to the lung [25, 26]. HF is the
application of a dose per fraction lower than the 1.8–2.0 Gy used in CF,
whereas AF is the application of more than 10 Gy per week [27]. The biological
basis of HF is to exploit the postulated different capacity of target cells in
tumor tissue and late responding normal tissue to recover from sublethal
radiation damage between fractions, provided that the time interval between
two fractions is sufficiently long. The biological basis of AF is to counteract
the so-called time factor of fractionated radiotherapy, i.e. the loss of local
tumor control with increasing overall treatment time. This time factor is gener-
ally explained by rapid repopulation of clonogenic tumor cells [15], however,
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alternative mechanisms, such as increasing hypoxia, increasing cellular radiore-
sistance, or selection of highly malignant tumor cells might also play a role
[10, 28, 29]. A significant time factor has been demonstrated for squamous
cell carcinoma, but this phenomenon may also be important in other tumors.
In clinical practice, HF and AF are rarely used in their pure form, i.e. HF
schedules often have a minor acceleration component (e.g. 10¶1.2 Gy per
week) and AF schedules often apply decreased doses per fraction (e.g. 15
fractions of 1.5 Gy per week). Such hybrid schedules are best categorized
according to their major difference compared to CF.

Hyperfractionated Radiation Therapy

A randomized phase I/II dose escalation trial using HF in 884 patients
was performed by the RTOG (trial 83-11) using two fractions of 1.2 Gy
per day and interfraction time intervals of at least 4 h [30]. No CF arm
was included in this trial. Patients were allocated to total doses of 60.0,
64.8, 69.6, 74.4 and 79.2 Gy. At no time were all of the five dose levels
open for accrual in this trial. The authors conclude that the results improved
when the dose was increased to 69.6 Gy, but that the outcome remained
constant or even became worse at higher doses. The differences between the
treatment arms were not significant in primary analysis. Retrospective sub-
group analysis among 350 patients with favorable prognostic parameters
suggested a significantly better survival with 69.6 Gy compared to lower
doses. However, this post-hoc analysis appears questionable from a statistical
point of view [31]. The incidence of severe radiation-induced pneumopathy
(grade 3+) increased from 2.6% after 60.0–64.8 Gy to 5.7% after 69.6–74.4
Gy and 8.1% after 79.2 Gy (p>0.09). Thus, increased morbidity might have
contributed to the lack of a positive dose-effect relationship at doses higher
than 69.6 Gy. HF to 69.6 Gy was used in the randomized phase III RTOG
88–08/Eastern Cooperative Oncology Group (ECOG) 4588 trial and com-
pared with CF to 60 Gy [4, 32]. A total of 306 patients were included in
these arms, a third arm tested combined radiochemotherapy. Median survival
time and overall survival after 1, 2 and 4 years were higher after HF than
after CF, but the differences were not significant (table 1). The relatively
low number of patients included in this trial and undetected imbalances
between the patient groups may possibly have contributed to these disap-
pointing results. In addition, from today’s point of view, the interfraction
time interval of 4 h used in the RTOG-HF trials might not have been
sufficient to allow for complete recovery from sublethal radiation damage
between fractions.
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Table 1. Results of the randomized RTOG 88-08/ECOG 4588 phase III trial comparing
CF with HF radiation therapy

Schedule Total dose Dose per fraction n MST Survival rate, %
Gy Gy months

1 year 2 years 4 years

CF 60.0 2.0 152 11.4 46 20 4
HF 69.6 1.2 b.i.d.1 154 12.3 51 24 9

MST>Median survival time.
1 Two fractions per day, time interval at least 4 h.
No significant differences were observed. Note: A third arm of the trial tested induction

chemotherapy followed by radiotherapy [4, 32].

Table 2. Results of the randomized CHART-Bronchus trial comparing CF radiotherapy
to 60 Gy with CHART to 54 Gy [7, 22]

Schedule Total dose Dose per fraction n MST Survival rate, %
Gy Gy months

2 years 4 years

CF 60.0 2.0 225 13.0 21 13
CHART 54.0 1.51 338 16.5 30 20

MST>Median survival time.
1 Three fractions per day, time interval at least 6 h.

Accelerated and Accelerated Hyperfractionated Radiation Therapy

The most important trial on AF in NSCLC is the Continuous Hyperfrac-
tionated Accelerated Radiotherapy (CHART)-Bronchus trial of the MRC
[7, 22]. A total of 563 patients were randomized to CF to 60 Gy or to CHART.
In the CHART arm, three daily fractions of 1.5 Gy each were given with a
minimum interfraction interval of 6 h without interruptions at weekends to a
total dose of 54 Gy in 12 days. Despite the lower total dose, survival was
significantly increased by about 9% after 2 years in the CHART arm compared
to the CF arm (table 2). Post-hoc analysis revealed that this effect was most
pronounced in squamous cell carcinoma. This hypothesis needs to be addressed
in further investigations. As expected, early side effects, especially esophagitis,
occurred earlier and reached higher scores in CHART patients. However,
symptoms also settled earlier than after CF and were of no major concern
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Table 3. Radiation-induced pneumopathy in the CHART-Bronchus trial comparing
CF radiotherapy to 60 Gy with CHART to 54 Gy [7, 22]

Time after treatment Endpoint CF, % CHART, %

Pneumonitis 3 months chest x-ray 65 56
3 months clinical symptoms 19 10

Fibrosis 2 years chest x-ray 48 45
2 years clinical symptoms 4 16

on longer follow-up. Radiation pneumopathy was not decreased after CHART
treatment. This was unexpected from a radiobiological point of view since
CHART applied lower total doses with lower doses per fraction than CF
(table 3). Possible explanations include an undetected imbalance in the distribu-
tion of risk factors for pneumopathy (e.g. treatment volume, pretreatment lung
function), longer than expected repair half times in lung tissue, or consequential
late effects.

Ball et al. [33] published the final report of the results of an Australian
multicenter trial. Two-hundred and four patients with medically or technically
inoperable NSCLC were randomized into one of four arms using a 2¶2
factorial design. Radiation therapy was applied either with 30 fractions of 2
Gy in 6 weeks, or with 30 fractions of 2 Gy in 3 weeks, applying two fractions
per day with a minimum time interval of 6 h. Half the patients in each group
were treated additionally with 1 or 2 courses of carboplatin (70 mg/m2/day
for 5 days). The median survival time of all patients was 16 months with a
survival rate of 31% at 2 years. There were no significant differences between
the different treatment arms or treatment factors. While application of car-
boplatin led to a highly significant greater hematological toxicity, AF resulted
in a severer and more protracted esophageal toxicity than CF. The authors
concluded, that halving of overall treatment time resulted in significantly
greater esophageal toxicity with no trend to survival advantage.

Comparison of the Australian trial with the CHART trial reveals no
obvious medical or radiobiological reasons that explain the different results
[34]. However, with 200 patients, the Australian trial was rather small compared
to the CHART trial, and, because of the factorial design, this trial was more
prone to undetected biases from interaction. Differences in survival rates in
the order of 10% or less would only very unlikely be detected by a trial of
such size. Therefore, at the present time, evidence for a therapeutic gain from
CHART in inoperable NSCLC clearly overweighs the evidence for equivocal
results from the Australian trial.
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Need for Conformal Radiation Techniques in Combination with
Intensified Modified Fractionation

Radiobiological studies indicate that, while local structural damage is
independent of the volume of lung irradiated, there is a clear volume effect
for total functional lung injury [35, 36]. This is supported by clinical data
[37, 38]. Furthermore, recent investigations show that irradiation of a small
lung volume with high fibrogenic doses does not affect the dose-response
relationship for development of fibrosis in distant parts of the lung [39]. Taken
together, these findings support the concept that restriction of the volume of
irradiated lung allows escalation of the dose to the tumor with acceptable risk
of clinically important pneumopathy [40–42].

Clinically relevant radiation-induced lung injury was observed to occur
dose-dependently in the RTOG 83-11 HF-trial [30], and, with a higher incidence
than anticipated from radiobiological considerations, in the CHART trial [7, 22]
(table 3). It therefore appears unlikely that substantial further improvements of
the therapeutic ratio can be achieved solely based on dose escalation of modified
fractionation schedules or on combination of modified fractionation with
chemotherapy. To reduce the volume of lung irradiated with high doses as much
as possible, state-of-the-art conformal three-dimensional radiation techniques
need to be integrated into such intensified treatment strategies.

Conclusions

Presently, local recurrence is the major cause of failure after radiation
therapy of locally advanced NSCLC. This observation calls for escalation of
the biological dose to the tumor. In theory, HF should allow to increase the
dose to the tumor without a simultaneous increase in late complications,
however, so far randomized trials have not shown an advantage of HF in
NSCLC. The highly accelerated CHART regimen significantly improved sur-
vival by 10% compared to CF. This result is among the most promising recent
improvements in the management of NSCLC. Nevertheless, even when treated
with CHART, about 80% of the patients will eventually develop local recur-
rence and 60% distant metastases. These figures are disappointing and call
for further improvement of both local and systemic treatment. Among other
approaches, radiation dose escalation using a CHART-like regimen, e.g.
CHARTWEL (CHART weekend less), appears to be a promising option
[43, 44]. Since long-term lung toxicity after CHART is possibly greater than
anticipated, state-of-the-art conformal radiation techniques should be integ-
rated into clinical trials testing such strategies.
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In the treatment of localized advanced non-small-cell lung cancer
(NSCLC), local failure is the leading cause of death after radical radiotherapy
and/or radiochemotherapy.

According to the literature, the local relapse rate after definitive radiother-
apy was initially estimated to range between 50 and 60%, and distant metastases
were thought to be the main cause of death [1]. However, more recent studies
with rigorous follow-up including bronchoscopy showed that only 9–13% of
patients were free of primary tumor at the time of death, while distant metas-
tases were present in only about 50% of patients [2].

In many studies, local control clearly correlates with the incidence of
distant metastases and survival [2]. In a retrospective analysis by Dosoretz
et al. [3], the incidence of distant metastases correlated with the size of the
primary tumor, but this correlation disappeared in patients with locally uncon-
trolled disease.

In NSCLC, a response to intensified dose fractionation regimens has been
shown. In the randomized Radiation Therapy Oncology Group (RTOG) trial
73–01 [4], different total doses in conventional fractionation – partly given as a
split course – were compared in about 400 patients. Overall survival after 60 Gy
was better than after all other regimens tested, but no statistically significant
difference could be shown. However, the 60-Gy schedule became the gold stan-
dard in clinical practice and in most prospective clinical trials testing novel treat-
ment approaches, such as combined radiochemotherapy [5, 6]. The joint
administration of platinum-based chemotherapy and radiotherapy significantly
improved local control and survival in at least three randomized trials [7–9]. In



the MRC Continuous Hyperfractionated Accelerated Radiotherapy (CHART)
Bronchus trial [2, 10], patients were randomized to 60 Gy in conventional frac-
tionation or CHART. After CHART, local control and survival were signifi-
cantly increased compared to 60 Gy in conventional fractionation.

Therefore, in radiotherapy of locally advanced NSCLC, there is a need
for the application of higher doses in biologically more intensive fractionation
to the site of the tumor. This intensification of treatment can only be achieved
if the doses to the surrounding normal tissues are simultaneously reduced.

With three-dimensional conformal radiotherapy planning (3-DCRT) a
tool has been developed that allows to conform a treatment volume covered by
a prescribed dose to anatomopathological structures in their three-dimensional
configuration. The required dose can thus be escalated to the clinical target
volume (CTV) with a reduction of dose to normal tissues. Combined with
modified fractionation and multimodal treatment approaches, 3-DCRT may
result in better local tumor control and possibly in better survival of patients
with locally advanced NSCLC.

Conventional Target Volumes

According to the definitions of the Internal Commission on Radiation
Units and Measurements (ICRU) [11], the CTV includes the gross demon-
strable extent of malignant growth (>gross tumor volume) and/or subclinical
microscopic malignant disease that has to be eliminated.

Assuming that bronchoscopy and computed tomography (CT) – with
some limitations like atelectasis – can determine the size and shape of the
primary tumor with sufficient accuracy for radiation therapy planning, and
that in most cases the detection of a distant metastasis will result in a palliative
concept, the main problem in the planning of radical radiotherapy for NSCLC
is to identify the areas of lymphatic spread, which often represent the major
part of the CTV.

In the current literature on irradiation techniques in NSCLC [12], the
inclusion of large volumes of tissues ‘at risk’ in the CTV (elective nodal
irradiation; ENI) is recommended for curative treatment. As the radiation
tolerance of several normal tissues in the chest [13–15] is below the 50 Gy/
2 Gy usually prescribed to these regions, and as radiation morbidity especially
of the lung, increases with the volume irradiated [16, 17], these recommenda-
tions bear a substantial risk of damage to normal tissues and may compromise
the achievable dose to the gross tumor.

This has been clearly demonstrated by McGibney et al. [18] comparing
dose-volume histograms for irradiation of locally advanced NSCLC with and
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without ENI. They showed a significant reduction in the lung volume irradiated
with 25 Gy or more in the plans without ENI.

The evidence for the concept of ENI is mainly based on a retrospective
analysis of several RTOG trials by Choi et al. [19]. In this analysis, patients with
major protocol violations related to field size and treatment of uninvolved nodes
had impaired local control and survival compared to patients without violations.
However, to our knowledge no prospective analysis was ever published sup-
porting these data. On the contrary, Hazuka et al. [20] found a relationship
between dose and survival irrespective of the target volume in their patients.

How do other specialities deal with the problem of ‘prophylactic treatment’
of mediastinal nodes in NSCLC? In the surgical literature, there is agreement
about the need for mediastinal lymph node dissection in curative surgery of lung
cancer [21–25]. A distinct localization system for mediastinal lymph nodes [26]
has been developed, and is widely used. The evidence for this policy is based on
the comparison of anatomopathological results with preoperative CT staging
showing high discrepancies with 25–30% each for up- or downstaging [27, 28].
However, the basic analyses date back to the late 80s, when recent major improve-
ments in thoracic imaging, such as optimal contrast enhancement, spiral CT
scanning, and multiplanar reconstructions were not available yet. Furthermore,
these analyses suppose complete resection of the primary tumor, and treatment
does not systematically include other modalities than surgery.

The poor local control rates after radiotherapy show a need for more
intense treatment of gross disease. Considering the improved treatment of
microscopic disease by additional chemotherapy, and the improvement of
pretherapeutic staging by new imaging modalities, it may be appropriate to
omit ENI in order to allow dose escalation to the gross tumor volume.

Methods for Determination of the Clinical Target Volume

As outlined above, in most cases the anatomopathological boundaries of
primary locally advanced NSCLC are sufficiently defined by CT scans, espe-
cially in lung window settings [29] and/or bronchoscopy. Problems may arise
from large atelectases; patients may then be inelegible for 3-DCRT. As outlined
above, the main issue in target volume definition is the identification of the
lymphatic spread within the mediastinum. For this difficult task, some methods
are discussed in the following.

Potential Lymphatic Drainage
As for other oncologic fields – e.g. head and neck tumors – there also

exist data derived from pathologic specimens of operated regional lymph
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nodes for NSCLC. Unfortunately, such analyses [23] have shown a rather
unsystematic lymphatic spread within the mediastinum, allowing retrograde
spread and skipping of lymph node areas. In addition, the frequently present
concomitant lung diseases, such as silicosis, are also believed to affect lymph
nodes and alter the function of the lymphatic drainage system [30]. Therefore,
assumptions of potential lymphatic drainage in individual patients with inoper-
able tumors must remain rather vague. Furthermore, there is no evidence that
data from operable cases may be used to predict the situation in patients with
inoperable disease.

Mediastinoscopy
Mediastinoscopy has been considered the gold standard of lymph node

staging in NSCLC. In a meta-analysis by Dales et al. [31], the sensitivity of
mediastinoscopy in mediastinal lymph node staging was ?90%, the specificity
100% compared to CT with 79 and 78%, respectively. However, the value and
validity of this method are still discussed. Firstly, there is wide interinvestiga-
tion variation concerning the performance of the examination. Secondly, there
are lymph node stations that can technically never or rarely be reached by
the mediastinoscope.

For the use of mediastinoscopic results for target volume definition, all
these limitations must be taken into account, and a thorough correlation
of the surgeon’s report with imaging is required. Secondly, the topographic
information from imaging modalities before mediastinoscopy cannot be used
in treatment planning anymore, while imaging after mediastinoscopy may bear
surgical artefacts. Thirdly, due to its invasive nature and the limited surgical
capacities, in inoperable patients undergoing radical radiotherapy, this method
will only be performed in the setting of clinical studies.

Computed Tomography and Magnetic Resonance Imaging
Lymph node staging by CT uses node enlargement as the criterion for

malignant growth. Compared with pathologic specimens, diagnostic accuracy
is poor, and after surgical procedures a 2.7-fold higher incidence of mediastinal
lymph node metastases was reported by Bollen et al. [24] in 1993. New tech-
niques, such as spiral CT scanning and multiplanar reconstruction have im-
proved the accuracy, however, morphology leads to clear limitations of the
method.

In selected cases, MRI might help in the differentiation of nodes in the
aortopulmonary window and the hila [32, 33]. However, as both methods are
morphologically oriented and as a general superiority of MRI in the detection
of mediastinal nodes has not been shown, its routine use in the staging of
lung cancer is not justified.
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18-Fluorodeoxyglucose-Positron Emission Tomography
This new rather expensive functional imaging method is not yet widely

employed. However, it has demonstrated a unique capacity in the noninvasive
detection of nodal metastases in the mediastinum with an accuracy of 80–
100%, which is far better than that of CT and MRI [34–36]. The impact of
positron emission tomography (PET) on radiotherapy planning in lung cancer
has already been demonstrated by several preliminary studies [37–40]. Its
impact on target volume definition may become important in the near future,
especially by the method of image fusion [41] with CT, which adds functional
information to anatomic structures. Furthemore, the distinction of malignant
tissue from the collapsed lung by FDG-PET might be useful for radiation
therapy planning in cases with tumor-related atelectases [40].

Factors Influencing the Planning Target Volume

According to the definition of ICRU 50, the planning target volume (PTV)
is obtained by adding a margin accounting for variations in patient positioning
and organ motion to the CTV. Several factors influence the required size of
this margin in the treatment of lung cancer.

In 1998, Ekberg et al. [42] published a detailed analysis of organ motion
and set-up accuracy in the treatment of lung cancer. They measured that the
average CTV movement with quiet respiration was 2.4 mm in mediolateral
and ventrodorsal directions, while it was 3.9 mm in cranio-caudal direction.
The systematic set-up errors were on average 2.0 mm in the transverse plane
and 3.0 mm in craniocaudal direction. They concluded that a margin of 11 mm
in transversal plane and 15 mm cranially and caudally is appropriate for
defining the PTV for lung cancer patients. Bentel et al. [43] showed the impor-
tance of using immobilization devices. Furthermore, the method of on-line
correction using portal imaging has been proposed [44, 45] for other tumor
locations, which might also be useful in the treatment of lung cancer. To
minimize internal organ motion, routine measurements of respiratory move-
ment prior to therapy planning, self-gated triggering and breath-holding tech-
niques have been applied [46].

Conclusion: New Target Volume Concepts for Three-Dimensional
Conformal Radiotherapy

In the radiotherapy of locally advanced NSCLC, 3-DCRT enables dose
escalation to an anatomically defined volume with reduction of dose to normal
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tissues. Due to the poor local control rates of conventional radiation, this
dose escalation should be mainly targeted on the macroscopic tumor itself.
Therefore new target volume concepts have to be designed.

A proposal for the definition of the CTV of locally advanced lung cancer
for 3-DCRT was made by Armstrong [47] 1998: Omitting ENI, the CTV
consists of the primary tumor – as known from bronchoscopy and visible in
the lung window of a contrast-enhanced spiral-CT-scan – and nodes visible
in CT larger than 1 cm. Singular nodes smaller than 1 cm are included without
the surrounding tissue, in case of multiple small nodes, the whole ATS-station
is included into the target volume.

Factors influencing the PTV must then be taken into account, and new
techniques, such as breath-holding or self-gated triggering, should be de-
veloped to further enable dose escalation and reduction of normal tissue
damage.

Concepts like this have to be tested in prospective multicenter clinical trials
potentially integrating dose escalation in the CTV with concurrent chemo-
radiotherapy including a thorough analysis of the pattern of failure. Possibly,
new imaging modalities like FDG-PET should also be integrated and evaluated
in such trials.
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Radiotherapy is a well-established approach in the treatment of malignant
brain gliomas. It is known that increased doses lead to increased tumor control.
Unfortunately, increased doses also lead to increased toxicity in normal brain
tissue, with important clinical consequences [1, 2].

Computed tomography (CT) and magnetic resonance tomography (MRT)
both became standard investigations in the management of brain gliomas
[3, 4]. However, when analyzing the relationship between CT, MRT and the
results of stereotactic biopsy, it was demonstrated that contrast enhancement
is not always a real measure of tumor extent or malignancy. Tumor cells can
be located both in the surrounding edema and in the adjacent normal-ap-
pearing brain tissue [5–9]. After neurosurgery or radiotherapy, the blood-brain
barrier (BBB) disturbance and edema can also be treatment related and thus
cannot be differentiated from persistent tumor on CT or MRT.

The goals of modern radiotherapy are to define the tumor area exactly
and to encompass it completely, and also to spare the normal brain tissue
as far as possible. The side effects of irradiation of the central nervous
system are widely described in the literature. The frequency of these effects
is dependent on the delivered radiation dose and the extent of irradiated
volume [10].

Considering all these problems, it is clearly necessary to search for new
methods to define tumor volume more precisely. In this report, we will focus
on recent advances in positron emission tomography (PET) and single-photon-
emission tomography (SPECT) in defining tumor volume and discuss the value



of functional investigation for three-dimensional (3D) radiation treatment plan-
ning of brain gliomas.

FDG-PET

One of the most widely used functional investigations in the diagnosis of
brain gliomas is 18-fluoro-deoxy-glucose (FDG)-PET. The rationale for the
application of the glucose analogue FDG to the study of brain gliomas is the
known increased glucose metabolism in malignant tumor tissue [11]. Almost
80 years ago, Otto Warburg postulated that the rate of anaerobic glycolysis
is positively correlated to the degree of tumor cell malignancy [12]. Thus, a
high glucose utilization rate and an increased utilization of the glucose-6-
phosphate intermediate will be observed. FDG is transported across the BBB
by the same carrier molecules as glucose, so that disturbance of the BBB is
not necessary for FDG accumulation. Hexokinase transforms FDG into FDG-
6P which then accumulates in tumor tissue.

Clinical studies have demonstrated that FDG uptake in tumor tissue
correlates with histological grading and has prognostic implications [11, 13].
Goldman et al. [14] analyzed 160 biopsies taken from 20 patients with low-
and high-grade gliomas and compared the results with FDG uptake in PET.
They demonstrated that FDG uptake in gliomas is anatomically heterogeneous
and regionally related to the presence of anaplasia.

An important finding in practice is that FDG-PET investigation can
be successfully used in the diagnosis of necrosis after radiotherapy or local
chemotherapy, and also in the differentiation of necrotic tissue from a recur-
rence [15].

Gross et al. [16] assessed the value of FDG-PET for 3D treatment planning
in 18 patients with malignant brain gliomas. Using PET/MR fusion images,
tumor volume in PET was compared with tumor volume in MRT. The study
showed that the difference in contrast between viable tumor and normal brain
tissue in FDG-PET is small. FDG uptake in the gray matter is high, and this
makes the demarcation of the tumor borders from normal brain tissue difficult.
Nevertheless, tumor areas with lower cellular differentiation showed higher
FDG uptake. An interesting finding of this study was that tumor areas with
higher FDG uptake were closely correlated to the Gd enhancement areas
in MRT. Although FDG-PET offers no additional data concerning tumor
extension compared to MRT, it could be used to define areas with higher
anaplasia. This raises questions regarding the possible significance of this
investigation in the definition of a target in target, which could be potentially
useful in dose escalation studies.
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MET-PET

The mechanism and biological significance of increased 11C-methionine
(MET) uptake in gliomas is not yet completely understood. Planas et al. [17]
showed that although 11C-MET is incorporated into proteins, its uptake is
probably not a measure of protein synthesis. The increased uptake seems to
be mainly due to an activation of carrier-mediated transport at the BBB [18].

It is important to mention that low-grade gliomas, especially oligodendro-
gliomas, show a high MET uptake compared to FDG-PET [18]. Nevertheless,
several studies demonstrated a correlation between MET uptake and histo-
logical tumor grading [19, 20].

Comparing CT, MRT and MET-PET using stereotactic biopsies, Mosskin
et al. [21] and Ogawa et al. [19] concluded that MET-PET has a greater
capacity to correctly outline the true extent of brain gliomas, compared to
CT and MRT. This observation has important consequences for therapy plan-
ning and monitoring of patients with brain gliomas. The first findings regarding
the value of MET-PET and FDG-PET in the follow-up of irradiated patients
with brain gliomas were reported by Würker et al. [22]. They analyzed 10
patients with brain gliomas, investigated with FDG-PET and MET-PET, be-
fore and after brachytherapy with 125I seeds. After 1 year, glucose metabolism
was not significantly changed, whereas MET uptake showed a significant dose-
dependent decrease. Data about the integration of MET-PET in conformal
irradiation planning are not reported.

IMT-SPECT

123I-a-methyl-tyrosine (IMT) is a synthetic amino acid with an affinity
for the neutral amino acid carrier at the BBB similar to L-tyrosine. However,
it is not further metabolized nor is it incorporated into cell proteins [23,
24]. Biersack et al. [25] and Langen et al. [23] showed that 123I-IMT is
accumulated intensively in brain tumors, while its uptake in normal brain
tissue is low. Comparing 14 patients with cerebral gliomas, Langen et al.
[26] demonstrated that tumor extent with IMT-SPECT is comparable to
MET-PET. These results and the good correlation between tumor extension
diagnosed by MET-PET and stereotactic biopsies [19, 21] have been the
rationale for including IMT-SPECT in radiation treatment planning for brain
gliomas.

We integrated the IMT-SPECT investigation into the 3D radiation plan-
ning of 121 patients with brain gliomas. The aim of the study was to quantify
the value of IMT-SPECT in tumor volume definition compared to MRT
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Fig. 1. Thirty patients with nonresected gliomas. Mean tumor volume measured on
T2-weighted images, T1-weighted images with Gd and IMT-SPECT.

used as the standard investigation. Furthermore, we examined the influence
of this additional functional investigation on 3D conformal treatment plan-
ning.

IMT-SPECT and MRT images are coregistered using a special software
program developed by Pietrzyk et al. [27]. The data sets were moved across
all three dimensions, using the outer skin contours as landmarks for the
reorientation. The precision of the fusion was analyzed in phantom studies
as well as in patients.

The data analysis included:
(a) The evaluation of contrast enhancement volume on T1-weighted im-

ages and of the tumor-induced hyperintensity area on T2-weighted images.
Both were then compared with the tumor volume of IMT uptake in SPECT.
In cases where IMT uptake was situated outside the tumor volume defined
on MRT, a composite volume was calculated using the fusion images.

(b) The assessment of planning target volume (PTV) and boost volume
(BV), defined by MRT, compared to the PTV and BV drawn by the coregistered
images.

(c) Comparison of the results of IMT-SPECT and MRT concerning the
diagnosis of tumor persistence in resected patients

In high-grade gliomas, PTV consisted of the hyperintensity area in the T2-
weighted images plus a uniform expansion of 2 cm. In addition, the PTV
included the tumor region in IMT-SPECT plus a 5-mm margin. The prescribed
dose was 40 Gy, the daily delivered dose, 2 Gy. Subsequently, the PTV was
reduced to include only the hyperdense area of tumor and edema in T2-weighted
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Table 1. Extension of IMT uptake by the tumor in SPECT compared
to the hyperintensity area shown on T2-weighted images in 30 patients with
nonresected histologically proven brain gliomas

Volume Mean Median SD
cm3 cm3 cm3

TV-IMT 43/48 44/45 21/16

TV-T2 82/49 70/56 54/14
TV-IMT/T2 88/74 82/81 51/19
Increase TV-IMT/T2 6/24 0/29 11/7

TV-T1Gd 16/13 17/17 13/8
TV-IMT/T1Gd 48/53 49/51 23/17
Increase TV-IMT/T1Gd 32/40 30/40 17/11

PTV-T2 264/212 255/209 109/59
PTV-IMT/T2 266/223 261/227 108/59
Increase PTV IMT/T2 2/10 0/5 7/13

BV-T2 142/91 122/83 75/23
BV-IMT/T2 149/124 144/129 71/26
Increase BV-IMT/T2 7/33 0/30 15/9

Tumor volume (TV), PTV and BV were defined using IMT-SPECT, MRT
and fusion images IMT-SPECT/MRT. The second figure represents IMT up-
take outside the tumor borders defined by MRT (7 patients). Modified from
Grosu et al. [29].

images plus the additional tumor region defined by IMT-SPECT, and a 5-mm
margin (BV). The total dose prescribed was 60 Gy. In low-grade gliomas the
PTV encompassed the hyperintensity area in the T2-weighted images with a
1-cm margin plus the tumor region in IMT-SPECT. The total dose prescribed
was 54 Gy, in 1.8 Gy daily fractions.

In 30 nonresected patients with histologically proven brain gliomas, the
extension of IMT tumor uptake in SPECT was compared to the hyperinten-
sity area shown on T2-weighted images. The evaluation was performed using
MR/IMT-SPECT fusion images (fig. 1). These results are presented in table 1.
In most cases, the tumor mass delineated by the IMT-SPECT was incorpo-
rated into the hyperintensity area outlined on the T2-weighted images. The
most striking finding, however, was that the IMT tumor uptake also extended
outside the hyperintensity area shown on T2-weighted imaging, which hap-
pened in a significant number of cases: 7 patients, representing 23% [28, 29].
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Fig. 2. Patient with glioblastoma 2 weeks after tumor resection. T1-weighted images
with Gd, overlay IMT-SPECT/T1 and IMT-SPECT. Focal IMT uptake reaches from the
resection cavity to the midline. The area of contrast enhancement is considerably smaller.
The resection cavity contains blood and is hyperintense in T1-weighted imaging.

T1-weighted imaging with gadolinium (Gd) was compared to IMT tumor
uptake in SPECT. IMT uptake was significantly greater in all patients
than Gd enhancement. Therefore, IMT uptake seems to be a better
method to correctly assess the true extent of a tumor than Gd enhancement
(fig. 2).

The main goal of the study was to investigate whether IMT-SPECT
provides additional information compared to MRT for 3D treatment planning.
We demonstrated that IMT-SPECT had no significant consequences on the
initial PTV definition. This was not surprising, as tumor changes on IMT-
SPECT were, in all cases, located less than 2 cm from the hyperintensity area
on T2-weighted images, and PTV was defined with a 2-cm margin. For the
definition of BV, however, IMT-SPECT provided important findings in 7 cases,
the BV outlined by IMT-SPECT/MRT being 30% higher than by MR alone
[28–30].

In operated patients, the postoperative BBB cannot be differentiated by
MRT from tumor infiltration (fig. 2). The additional information provided by
IMT-SPECT may, in these cases, be of great value. When comparing the area
of the Gd enhancement on MRT performed 24 h after resection (in 75 patients)
with the IMT uptake area on SPECT, we obtained identical results in 38
patients and different results in 37 patients. In 10 patients (13%), we observed
persistent tumor in IMT and no Gd enhancement on MRT; in 27 patients,
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the MRT was positive for persistent tumor and the IMT negative [29]. Future
studies aim to correlate these findings with survival.

Conclusions

(a) FDG uptake in PET correlates with histological tumor grading and
has prognostic implications. In the tumor area, FDG metabolism is heteroge-
neous and regionally related to the presence of anaplasia. Using FDG-PET,
tumor recurrence can be differentiated from cerebral necrosis induced by
radiotherapy or chemotherapy. Compared to MRT, FDG-PET provides no
additional information concerning tumor progression.

(b) MET-PET has a higher capacity to correctly outline the true extent
of a tumor than CT and MRT. Although the correlation between MET uptake
and tumor grading has been described in several studies, high MET metabolism
was also observed in low-grade gliomas, especially oligodendrogliomas.

(c) IMT-SPECT offers important information regarding tumor volume
in addition to T2-weighted images and is extended much more significantly
than the contrast enhancement on T1-weighted images. The IMT-SPECT
results concerning persistent tumor vary from the results of MRT investigations
performed 24 h after resection. Future studies should correlate these findings
with survival. The integration of IMT-SPECT into 3D radiation treatment
planning could provide additional information to the definition of BV, with
important consequences in dose escalation studies.
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Rationale for Dose Escalation Studies in Gliomas

The outcome of patients treated for malignant gliomas is dismal. Cure
in a worthwhile proportion of patients has not been achieved with any method
known today. In glioblastoma, surgery and conventional radiotherapy at doses
of 55–65 Gy with high-energy photons led to median survival times of 8–10
months in patients with relatively good prognosis eligible for study participa-
tion [1, 2].

The analysis of patterns of tumor recurrence by modern imaging tech-
niques and autopsy has shown that 80–90% of tumors first recur within a
2-cm margin of the original tumor [3–6]. The reasoning that more intensive
local therapy should lenghten survival or even lead to a higher cure rate was
therefore well founded.

Retrospective analyses and prospective trials indicated a modest dose-
response relationship of improved outcome with higher radiation dose [1, 7].
Early reports of escalation of central tumor dose by adding brachytherapy
or radiosurgery to conventional radiotherapy appeared to confirm the ex-
pectation of lenghtened survival in selected patients. The limitation of these
treatments to patients with favorable prognostic features and very small
tumors however erroneously attributed the improved outcome to treatment
rather than to patient selection [8, 9]. Local tumor recurrence was nevertheless
the rule [10, 11]. Some technical factors could have contributed to this failure.
Those could have been cold spots within a brachytherapy volume, or a
practical size limitation for the high-dose volume, shifting the balance in the



relationship of risk versus benefit towards the negative effects of radiation
necrosis.

Several protocols of dose escalation with markedly improved methods of
conformal radiation delivery with external beams were initiated in the early
nineties, completed, and reported recently. Among them were two phase II
studies from the Massachusetts General Hospital in collaboration with the
Harvard Cyclotron Laboratory using proton irradiation in addition to mega-
voltage x-rays. One was concerned with grade 4/4 tumors (glioblastoma multi-
forme), the other with grade 2/4 and grade 3/4 gliomas.

Massachusetts General Hospital Proton/Photon Dose
Escalation Studies

Grade 4/4 Gliomas
The superior dose localization of protons compared to photons allows

an increase in the dose to the target region where tumor is most likely to
recur, with an only minimal increase of the dose to nontarget tissue [12]. The
reasoning was that the region of radiation necrosis expected to occur thus
could be limited and easier to deal with. The biological effects of photons
and protons are so similar that the experience obtained with fractionated
megavoltage x-rays could be transferred to treatment with protons.

An institutional phase II study in patients with malignant gliomas was
initated in 1992 to test this hypothesis [13]. A dose of 90 cobalt gray equivalent
(CGE) in accelerated fractionation (1.8 Gy twice a day, separated by at least
7 h) was prescribed. The accelerated fractionation scheme was chosen because
glioblastoma is generally a very fast-growing tumor, progressing on occasion
even during therapy. A shortening of overall treatment time to about 5 weeks
was desirable. The dose was delivered with a mixture of protons and photons
– the proton component comprising at least one third of the total dose.

Patient Selection. Patients were selected for radiotherapy following resec-
tion of a glioblastoma multiforme. Eligibility criteria were: (1) patient age
between 18 and 70; (2) pathologically proven grade IV/IV astrocytoma,
Daumas-Duport classification [14]; (3) Karnofsky performance score (KPS)
prior to radiotherapy of 70 or higher; (4) previous attempted maximal surgical
resection; (5) largest postoperative tumor volume less than 60 cm3 (approxi-
mately equal to the largest postoperative diameter of 5 cm); (6) supratentorial
primary tumor without involvement of the thalamus, corpus callosum, or
subependyma. Exclusion criteria were: (1) prior radiotherapy to the head and
neck, except for skin carcinomas; (2) genetic syndrome linked to CNS malig-
nancies; (3) known radiation hypersensitivity syndrome; (4) collagen vascular
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disease; (5) diabetes mellitus; (6) serious concomitant disease precluding com-
pletion of the protocol.

Radiotherapy Protocol. For every patient, three-dimensional (3D), CT-
based treatment planning was employed [15]. The treatment volumes were
delineated on the CT planning scan with the aid of MRI, fMRI (cerebral
blood volume mapping; CBV and 18-fluoro-deoxy-glucose PET scan data,
drawing the largest abnormality seen in these studies. Three clinical target
volumes were defined: (1) the gross tumor volume (V1) encompassing the
signal-intense rim of the tumor or the remaining cavity plus any residual
gadolinium-enhancing volume on T1-weighted MRI on the earliest postopera-
tive scan; (2) a second volume at high risk of harboring dense microscopic
disease (V2), comprising V1 plus a margin of 2 cm; (3) a third volume at
risk of less dense microscopic disease (V3), enclosing the edema volume as
seen on T2-weighted MRI scans plus a margin of 2 cm. Prescriptions for
V2 and V3 were similar to those used in most conventional treatment plans,
except for the accelerated fractionation pattern. All three volumes were
defined, taking into account the presence of natural anatomical barriers,
such as bony structures, falx, and tentorium. Graded doses were prescribed
to these volumes: V1, 90 CGE (proton-gray multiplied by 1.1 to account
for relative biological effectiveness of the 160-MeV proton beam compared
to cobalt gamma rays plus dose delivered with x-rays), V2, 64.8 CGE, and
V3, 50.4 CGE. The dose given with protons as a fraction of total dose was
variable but not less than 33% of the total dose. (The median proton dose
actually delivered was 52.4 Gy (57.6 CGE) with a range of 29.7 to 62.9 Gy
(32.7–69.2 CGE). A dose calibration change at the Harvard Cyclotron
Laboratory was instituted 1 year after the last patient had been treated
according to this protocol. That change recognized that the dose determined
with an ion chamber technique was 6.5% higher than that determined with
the Faraday cup technique, which had traditionally been used at the Harvard
Cyclotron Laboratory [16, 17]. This resulted in a daily fraction size of 1.8
Gy with x-rays and 1.92 CGE with protons, according to the ion chamber
technique. With doses recalculated, the median total dose delivered was 93.5
CGE).

The median number of proton fields per patient was 4 (range 2–7). The
photon component was given with 4 MV and 10 MV x-rays with usually 3
conformal fields (range 2–4). Median overall treatment time of radiotherapy
was 37 days (range 31–45 days). The median size of the high-dose target
volume was 36 ml, calculated by the 3D planning system.

Patient Follow-Up and Intervention at Imaging Change. Patients were evalu-
ated 1 month after completion of treatment and then 3-monthly. Functional
imaging in the form of 18-fluoro-deoxy-glucose PET scanning or dynamic
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contrast-enhanced relative CBV MRI was used to evaluate changes on routine
MRI. The appearance of new areas of gadolinium enhancement on posttreat-
ment MRI scans prompted a recommendation for histologic examination by
stereotactic biopsy or craniotomy. If a resectable, symptomatic mass was pres-
ent, reoperation was encouraged [18].

Patient Group. Twenty-three patients entered the protocol, none was lost
to follow-up. There were 7 women and 16 men. The median age was 51 years
with a range of 21–68 years. Seven patients met Radiation Therapy Oncology
Group (RTOG) prognostic class III criteria, 7 met prognostic class IV, and 9
met prognostic class V criteria. Median Medical Research Council (MRC)
prognostic index (see Appendix in Bleehan and Stenning [1]) was 15 (range
5–30). Fourteen tumors were located in the dominant hemisphere. Comorbidity
and past medical histories were within the range of a generally healthy popula-
tion of comparable age.

Surgery, Pathology. Nine resections were classified by the surgeon as gross
total and 13 as subtotal; 1 patient had a biopsy only. The median largest
preoperative tumor diameter on axial MRI studies in anterior-posterior or
right-left dimension was 4.5 cm (range 2–7.5 cm). The median interval from
surgery to the start of radiotherapy was 36 days (range 21–85 days). All tumors
met Daumas-Duport criteria for grade IV/IV astrocytoma.

Treatment Tolerance. During therapy, 1 patient developed worsening cere-
bral edema causing imminent herniation and required a break of 1 week
from day 19 to day 26. He needed decompressive surgery at completion of
radiotherapy. Pathology from this and two subsequent resections showed only
radiation necrosis. Acute tolerance was otherwise remarkably good, with the
same range of symptoms occurring with conventional treatment. No patient
initially free of steroids required initiation of steroids during treatment. All
surgical incisions healed well.

Later on, all but 1 patient became steroid dependent. Clinical deterioration
occurred at a median time of 7.5 months after irradiation. Aggressive tapering
of steroid dose consistently precipitated clinical deterioration. Of the 4 patients
currently alive, the patient surviving 60 months is the only one who did
not require steroids after the postoperative period. All patients had areas of
permanent alopecia. All patients with pathological material for assessment
showed extensive radiation necrosis.

Overall Survival and Quality of Survival. Median survival of the entire
group of patients was 20 months after the first operation. Actuarial survival
at 1, 2 and 3 years was 78, 34, and 18%, respectively. No patient died of
intercurrent disease. Only 1 patient died within the first year. Median time of
survival with a KPS of 70 or higher was 12 months. Four patients were alive
after treatment at the time of analysis for the primary report [13].
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Analysis of Prognostic Factors. An attempt was made to assess patient
selection factors. Patients were grouped according to both RTOG and MRC
prognostic criteria for malignant glioma [1, 8]. In the RTOG analysis, class I
patients represent the group with the best prognosis (younger patients with
anaplastic astrocytoma) and class VI those with the worst prognosis (elderly
patients with glioblastoma and a low KPS). Seven of our patients were class
III, 7 class IV, and 9 class V. The median survival of class III and IV patients
combined was 20 months, that for class V patients was 14 months (p>0.07).
Every patient was also assigned a prognostic index of the English Medical
Research Council (MRC) scheme, a lower index representing a more favorable
prognosis. The MRC index of our patients ranged from 5 to 30 (median 15).
The actuarial survival of patients with an MRC prognostic index below 15
was higher than that of those with an MRC index above 15 (24 and 16 months,
respectively; p>0.06). A consistent improvement of 5–11 months compared
to RTOG and MRC data, respectively, was evident.

Analysis of Imaging Change. All patients demonstrated new gadolinium-
enhancing areas on T1-weighted MRIs during follow-up. The median time to
these changes was 8 months. They correlated well with clinical deterioration
(r>0.89) in all but 1 patient who stayed asymptomatic. There was a trend for
patients who developed early imaging changes to have shorter survival: 8 out
of 12 (67%) of those who showed changes within the first 8 months survived
for less than 20 months. New gadolinium enhancement occurred first within
the high-dose (90 CGE) target volume (18 patients of 23 or 78%). It was seen
outside the target volume in only 3 cases (13%). In 11 out of 23 patients, the
lowest isodose of the change was 60 CGE or less.

Pathology at Reoperation or Autopsy. Thirteen patients (57%) underwent
at least one reoperation after completion of radiotherapy for a newly enhancing
mass, with 8 patients undergoing a significant resection. Three patients under-
went postmortem examinations of the brain. All 3 autopsies revealed recurrent
tumor, and in all 3 this was located outside the high-dose target volume which
showed only radiation necrosis. In only 1 case of 23, was recurrent tumor
found within the 90-CGE volume (by positive biopsy; the patient was retreated
with a stereotactic proton boost of 15 CGE). In summary, pathological material
was thus available in 15 of 23 (65%) patients. Six of these patients never
developed pathologic evidence of tumor recurrence. One patient without patho-
logical material developed new T1 gadolinium-enhancing areas 31 months
after the first radiation treatment. She is the only long-term survivor, and the
clinical course thus suggested necrosis only. The remaining 16 patients had a
mixture of radiation necrosis and recurrent tumor. The 7 patients with necrosis
only had a median survival of 29 months compared to 16 months for those
who had both recurrent tumors and necrosis (p>0.01).
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The latter observation is probably the most significant one of this study.
It strongly suggests that radiation necrosis, if relatively limited, carries a consid-
erably better prognosis than tumor recurrence.

Grade 2 and 3 Gliomas
In this study, 20 patients were treated between 1993 and 1996 [19]. Male

to female ratio was 14:6, median age was 36 years. Eligibility criteria were
similar to those for grade 4/4 tumors with the exception of grade in the
Daumas-Duport classification. In mixed tumors, the astrocytic component
was the determinant of grading.

Treatment. Five patients underwent biopsy only, 12 a subtotal resection
and 3 a gross total resection. In grade 3/4 tumors, target volumes were defined
in the same way as for grade 4/4 tumors. Graded doses were prescribed to
these volumes: V1, 79.7 CGE; V2, 68.2 CGE, and V3, 56.7 CGE. In grade
2/4 tumors, two target volumes were defined: the gross tumor volume (V1)
encompassing the signal intense rim on T1 Gd-enhancing MRI, a second
volume at high risk of harboring dense microscopic disease (V2), seen as the
signal abnormality on T2-weighted MRI, plus a margin of 2 cm. Fractionation
pattern was one fraction per day, 1.8 Gy (photons) or 1.92 CGE (protons)
per fraction, 5 days per week. The fraction of dose given with protons was 84%.
Nine patients with oligodendroglial components received PCV (procarbacine,
CCNU, vincristine) chemotherapy prior to irradiation.

Survival and Failure Analysis. Actuarial 5-year survival rate for grade 2
lesions is 71% as calculated from diagnosis (median survival not reached),
actuarial 5-year survival for grade 3 lesions is 31% (median 29 months);
that of the entire group is 45%. Median follow-up is 49 months and 47
months for patients alive with grade 2 and grade 3 lesions, respectively. Two
patients with grade 2 lesions and 10 patients with grade 3 lesions died. Both
patients with grade 2 lesions died from tumor recurrence. Of the other 5
alive in this group, 2 had resections for radiation necrosis and one has a
recurrence after several operations for radiation necrosis. One of the patients
with grade 3 lesions died from pulmonary embolism, the others from tumor
recurrence (n>8) or, presumably, radiation necrosis (n>1). In 7 of 9 patients
with grade 3 lesions who had surgical intervention for a new enhanc-
ing lesion after therapy, recurrent tumor was demonstrated. Overall, 16 of
20 patients developed new gadolinium-enhancing regions after radiotherapy
on T1-weighted MRI. The first radiographic change occurred centrally in 5
of 5 patients with grade 2 lesions, and in 7 of 11 patients with grade 3
lesions.

In summary, tumor recurrence was neither prevented nor noticeably de-
layed in this study.
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Other Recently Published Experience

A more comprehensive discussion on dose escalation effects in high-grade
gliomas has been published recently [13]. We are reviewing the most pertinent
experience reported since. Almost concurrently with the Massachusetts Gen-
eral Hospital study, the University of Michigan conducted a dose escalation
phase II study for high-grade gliomas treated at doses of 70, 80 and 90 Gy
in conventional once-per-day fractionation, using 3D, conformally planned
photons. They have reported on the patterns of failure of 36 patients who had
recurrences and were treated at doses of 70 Gy (n>15) and 80 Gy (n>21)
[20]. Median survival in this group was 13 months. The recurrences were
central in 26 patients, in-field in 6, marginal in 3, and outside the target volume
in only 1 case. The failure pattern was assessed by imaging studies with
correlation to dosimetry; 8 patients, however, underwent further surgery and
all of them had histologic confirmation of tumor recurrence. The reported
sample came from a study consisting of 71 patients treated between 1989 and
1995, of whom 47 had had recurrences. The distribution of target volumes is
not presented in this report. A comparison with other 3D planned studies,
using target volume size as a prognostic factor, is therefore difficult at this
time. The experience with escalation to 90 Gy in conventional fractionation
awaits reporting. Early results were dismal [21].

In contrast to this, the pattern of failure was apparently changed in the
experience of the group at the University of Tokyo [22]. Thirty-eight patients
with glioblastoma multiforme were treated between 1984 and 1995 at doses
of 60–80 Gy (n>21) and 90 Gy (n>16) in conventional fractionation, using
3D treatment planning. Postoperative volumes after resection were 32 ml
(mean) and 3.4 ml, respectively (median). Median survival of their patients
was 17 months, with no difference between the 90-Gy group and the lower-
dose group. Seventeen of the 19 recurrences in the latter group were local,
whereas 6 of 13 recurrences were local (or had a local component) in the 90-
Gy group. The report is difficult to interpret, however: the relationship of the
postoperative volume to the target volume is not clarified. The number of
patients within a dose group (n>37) does not add up to the number of patients
analyzed (n>38), or to the number of patients with a defined gender (n>35).
Only 2 patients appeared to have had postradiotherapy surgical procedures
in the 90-Gy group (both were found to have radiation necrosis). Treatments
apparently have not been performed within a study context, and predefined
selection criteria were unclear. Conclusions are difficult to draw.

The Joint Center of Radiation Therapy has reported long-term results of
its experience with radiosurgical boost therapy as part of the initial manage-
ment of patients with glioblastoma [23]. Between 1988 and 1995, 78 patients
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were treated with 12 Gy (median, prescribed to the 85% line) stereotactic
radiosurgery in addition to conventional external-beam radiotherapy. Median
survival was 19.9 months. Median tumor volume was 9.4 ml. The failure
pattern was central in 38% of cases, marginal in 40 %, and outside in 10%
(12% of patients had no evidence of failure at the last imaging follow-up prior
to death). Patient stratification by RTOG prognostic class indicated a modest
gain in survival compared to standard RTOG survival times.

The question of a dose-response relationship for lower-grade glioma has
been answered rather negatively by the EORTC study 22844, which randomized
patients between 45 and 59.4 Gy. Overall survival and progression-free survival
were virtually identical in both arms (58 vs. 59% and 47 vs. 50%, at 5 years,
respectively) [24]. The concomitant quality of life study showed a tendency
towards a negative effect on the quality of life in the higher dose arm [25].
The conclusions from the small phase II proton therapy study for an even
higher dose range are essentially the same. One should remember that this
applies to conventional fractionation patterns; dose escalation with altered
fractionation remains to be explored.

Conclusions

The most consistent interpretation of these studies is that dose escalation
leads to an extended regrowth delay in high-grade gliomas, conferring a modest
survival advantage. Where the target volume is relatively small, radiation
necrosis does not become the life-limiting factor. The failure pattern can be
shifted towards peripheral recurrence if an accelerated fractionation scheme
is used or overall treatment time is kept relatively short with radiosurgical
boost therapy. Total treatment time in conventional fractionation at 80 or 90
Gy approaches 3 months. The regrowth of tumor centrally in the University
of Michigan experience, in contrast to the Massachusetts General Hospital
experience, is most likely due to the difference in overall treatment time. The
high-dose target volume in the proton therapy study for grade 4/4 tumors was
much larger than for other studies showing median survival rates in the range
of 20 months. Although a dose and fractionation pattern to control glioblas-
toma has been found, it cannot be applied to larger brain volumes because
of the limiting effects of radiation necrosis. With focal therapies at hand, which
can limit development of radionecrosis, a strategy which would decrease its
incidence or modify its debilitating effects could produce a major gain in the
treatment of gliomas. Since vascular effects appear to play a central role in
the development of radiation necrosis [26, 27], the recently discovered vascular
growth factors provide an interesting new area of research in this field.
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Given the disappointing results for lower grade gliomas, the emphasis in
the near future will most likely be placed upon combination therapies with
drugs and long-term toxicity reduction through conformal radiotherapy.
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The prognosis for patients with malignant gliomas remains poor, with
local recurrences and persistent tumours being the dominant causes of treat-
ment failure [1]. The median survival of patients with glioblastoma multiforme
(grade IV) following surgery alone is only 4–6 months. The beneficial effect
of post-operative megavoltage radiotherapy using daily fractions of 1.8–2.0
Gy to a total dose of 60 Gy, delivered using partial brain fields, has been
documented in randomised clinical trials [2, 3].

The best reported median survival for patients with anaplastic astrocy-
toma (grade III) treated with radiation alone is 2 years [4, 5], whereas median
survival rates of 3 years have been reported for selected groups of patients
treated by combined irradiation and systemic therapy [6, 7].

Conventional low dose rate (LDR) brachytherapy using 125I, 192Ir and
198Au has been used both for recurrent [8, 9] and residual primary glioma
[10] and a prolongation of median survival with an acceptable morbidity
has been demonstrated. To obtain an optimal dose distribution with con-
ventional LDR, computerized preplanning is first made to determine
source locations. Using head frames and stereotactic techniques, flexible
catheters are then placed within the tumour. However, it is quite common
to be unable to exactly position the sources or catheters according to the
preplanning.

This paper describes a preliminary study on 53 patients, treated between
1994 and 1997, with a new interstitial high dose rate (HDR) implantation
technique for the treatment of recurrent glioma. The method includes a
CT-guided implantation technique which takes advantage of the ability to



individually shape the dose distribution by using HDR treatment planning
software.

Material and Methods

Patients
Of our 53 patients, 31 had grade IV glioblastoma and 22 had grade III anaplastic

astrocytoma. All patients had experienced disease progression after previous surgery and
external-beam radiotherapy of 60 Gy, administered 6–60 months earlier. Patients’ ages were
in the range 23–70 years, with a mean of 54.2 years. The mean tumour volume was 67 cm3

with a range of 12–114 cm3.

Implantation Technique
A Perspex template is used to guide the drill and the catheters so that the required

geometry was obtained relative to the tumour volume and there is no requirement for
a stereotactic frame. The entire procedure was performed using interactive CT scanning
under local anaesthesia and sedation. Post-implantation contrast-enhanced CT scans are
made in planes 5 mm apart. This corresponds to the geometry of the template rows for
brachytherapy treatment planning. The mean number of catheters implanted was 8 with a
range of 2–17.

The maximum insertion depth and the catheter direction and position are estimated
using CT image information. This is displayed on a monitor in the CT room and, therefore,
is immediately available to the physician. Positional control of the first catheter is achieved
by taking CT images with the catheter in situ and this procedure is repeated for all catheters.
We aim at a regular array of catheters with separations of 0.5–2.0 cm depending on the size
and location of the tumour.

Catheter reconstruction is based on CT images described above, and uses a software
system developed by our institution in cooperation with the National Technical University
of Athens [11] (fig. 1).

The first 28 patients received two HDR daily fractions of 5 Gy to a total dose of 30
Gy over 3 days. The following group of 25 patients received 40 Gy in 4 days. Brachytherapy
planning and dose prescription were performed according to the rules of the Offenbach CT-
based brachytherapy system [12]. After the catheters were removed, follow-up MR, CT and
thallium scans were made at 2-month intervals.

Results

Figures 2 and 3 show overall survival results of all patients, using Kaplan-
Meier curves with the survival time in weeks calculated both from the date
of initial treatment and from the date of brachytherapy for the recurrence.
Median survivals are 97 and 35 weeks, respectively.
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Fig. 1. Isodose distribution for an HDR interstitial implant of a patient with a recurrent
glioma in the left frontal region of the brain. The magenta circles represent the source dwell
positions for the microSelectron-HDR remote afterloading machine. The target volume is
delineated in red. A total of 9 catheters were used for this patient.
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Fig. 2. Kaplan-Meier survival curves for 31 recurrent glioblastoma grade IV cases.
a Survival measured from initial treatment prior to recurrence. b Survival measured from
HDR brachytherapy for a recurrence.

a

b

When our patient series is divided into two histological groups – 31
glioblastomas grade IV and 22 astrocytomas grade III – the median survival
times for glioblastomas are 71 and 29 weeks (fig. 2) and 192 and 53 weeks
for astrocytomas (fig. 3).

Only 3 patients developed complications: 2/53 a pulmonary embolus, and
1/53 meningitis. In the two groups (glioblastoma and astrocytoma), there were
no significant differences in age, tumour volume, and Karnofsky performance
status before brachytherapy.
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Fig. 3. Kaplan-Meier survival curves for 22 recurrent astrocytoma grade III cases.
a Survival measured from initial treatment prior to recurrence. b Survival measured from
HDR brachytherapy for a recurrence.

a

b

Discussion

Our interstitial brachytherapy treatment method differs from classical
brachytherapy in the method of implantation of the catheters, in the use of
HDR sources, and in the use of CT-based treatment-planning software.

Catheter implantation in the CT suite using interactive scanning allowed
tumour localisation, surgical implantation, catheter placement confirmation,
and treatment planning without the need to transport the patient to the
operating room.

Treatment planning based on post-implantation CT scans without the
use of radiographs was possible for all patients. The time needed for the
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planning procedure, including contouring of the target volume and critical
organs, catheter reconstruction, dose distribution optimisation, evaluation us-
ing dose-volume histograms, was in the range of 20–75 min (mean 45 min).

Conclusions

We have presented a new HDR brachytherapy technique for the treatment
of patients with recurrent gliomas which shows promising results. Although
the patient group is relatively small, 53, it is already apparent that survival is
similar to that obtained with LDR brachytherapy. However, there are signifi-
cant advantages in the use of HDR compared to LDR and we can probably
expect this technique to become widely used if further results from our centre
are similar to those of the first 53 patients.
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Meningiomas originate predominantly in the skull base or spinal canal
and arise from the encasing cells of the arachnoid. They are known for their
moderate cell density and low proliferative activity. Infiltration of dura mater
or osseous structures is possible but more frequent in malignant forms. Menin-
giomas often recur locally, especially after incomplete surgical resection, while
metastatic disease is extremely rare [1, 2]. If the tumor is operable, surgical
resection is the treatment of choice. After complete resection, long-term dis-
ease-free survival rates and local tumor control rates of 81 and 96%, respec-
tively, are reported [3, 4]. The results discussed in the literature show that
subtotal resection combined with postoperative radiotherapy, performed with
precise treatment techniques, can achieve clinical results comparable to those
after total resection [5]. So far, the potential of single high-dose radiotherapy
(radiosurgery) has only been studied in patients with small inoperable tumors
[6–10]. However, the role of this form of radiotherapy as primary treatment
in extended tumors needs further research. The literature provides only little
information about the potential of fractionated stereotactic radiotherapy of
large, inoperable meningiomas. Fractionated stereotactic radiotherapy com-
bines the precision of stereotactic positioning with the radiobiological advan-
tage of fractionation for the treatment of large tumors. Thus, it might be an



effective treatment alternative for meningioma in patients in whom surgery is
contraindicated due to unfavorable tumor localization or to the patient’s bad
medical condition.

Materials and Methods

Patients’ Characteristics
We have treated 189 patients with benign base of skull meningiomas since 1987. The

present analysis focuses on 55 patients (16 males and 39 females) who had undergone primary
radiotherapy between 1989 and 1988. The patients’ mean age was 66 years (range 37–88
years) at the beginning of radiotherapy. All 55 patients had inoperable meningiomas of the
skull base without histological verification. They had been considered inoperable by the
neurosurgeons due to bad medical conditions or due to an unacceptably high surgical risk.
They all suffered from progressive neurological symptoms. The diagnosis was based on
neuroradiological readings. No patient received cytotoxic chemotherapy. The median target
volume was 38.3 cm3 (range 5.2–137.7 cm3).

Three-Dimensional Treatment Planning
Patients were immobilized in an individual tightly fitting head mask attached to a

stereotactic frame [11]. All imaging studies were performed under stereotactic guidance with
a stereotactic localization system. The accuracy of patient repositioning was better than
2 mm [1, 2]. All patients had computed tomography (CT) and in 92% additionally magnetic
resonance imaging (MRI) for treatment planning. Target volume and surrounding critical
normal tissues were defined on the image modality with the best visualization of the tumor
and were then transferred onto CT by the stereotactic localization technique. Three dimen-
sional (3D) dose distributions were calculated by the 3D treatment planning system, VOXEL-
PLAN, developed at the Deutsches Krebsforschungszentrum (German Cancer Research
Center; DKFZ) [13]. Details of stereotactic image registration, computer systems and tech-
nical aspects have been published previously [14–16].

Irradiation Technique
Radiotherapy was delivered with a 15-MeV linear accelerator (Siemens Mevatron 77

and Siemens Primus since 1997). Patients were treated with a manually operated mid-size
multileaf collimator with a leaf thickness of 5 mm at isocenter which was developed at the
DKFZ. Maximal field size was 15¶15 cm.

The clinical target volume consisted of visible tumor in CT and MRI and poten-
tial residual tumor taking into account preoperative MRI and intraoperative findings.
The planning target volume consisted of the clinical target volume plus a 2-mm safety
margin.

Patients who underwent primary fractionated radiotherapy were treated with 3–5 irregu-
larly shaped multiple isocentric noncoplanar fields. Median prescribed total dose at isocenter
was 56.6 Gy (×3.8 Gy) with a median daily fraction size of 1.8 Gy 5 times a week. Target
volume was encompassed by 90% of prescribed dose (fig. 1).
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Fig. 1. The resulting conformal dose distribution in a clivus meningioma provides a
steep dose fall-off to the surrounding normal tissues. The different isodoses are presented
in different gray shades. Total dose at isocenter was 57.6 Gy.

Evaluation of Response
Local response was evaluated according to clinical examinations and MRI which were

obtained 6 weeks and 3 months after therapy and at 6-month intervals thereafter.
Local relapse was defined as an increase of two orthogonal tumor diameters of more

than 25% or any increase in tumor size on two subsequent imaging sessions. Survival and
recurrence-free survival were calculated according to the Kaplan-Meier method.

The physical status of the patients was judged according to the Karnofsky score [17].
Neurological symptoms were classified according to a recently published grading system
[14].

Prior to and after radiotherapy, patients underwent a detailed examination regarding
any neurological or visual deficits.

We evaluated dose-volume histograms to register isodose, maximal dose, median dose,
95% coverage (>dose, applied to 95% of the tumor volume) as well as the maximal doses
to optic chiasm, optic nerves, brainstem and pituitary gland and the tumor volume covered
by less than 90% of the isodose.

Patient data were statistically evaluated using the SASÔ software, version 12. Overall
survival and local tumor control were calculated from the first day of radiotherapy using
the Kaplan-Meier method.
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Fig. 2. Overall and progression-free survival.

Results

Survival
Median follow-up was 60 months (range 19 months to 11 years). One

patient died during follow-up, but not due to obvious local tumor progression.
However, no autopsy was performed. Overall actuarial survival is 97.5% while
progression-free survival is 95% (fig. 2).

One patient, a 60-year-old man who was considered inoperable due to
bad medical condition at the time of radiotherapy developed lymph node
metastases 14 months after radiotherapy and presented with retropharyngeal
tumor progression. Biopsy of the lymph nodes revealed a poorly differentiated
squamous cell carcinoma. The local tumor at the skull base was locally con-
trolled. The patient was retreated with external beam radiotherapy to the
lymph nodes. Reevaluation of the patient revealed that this patient suffered
from an early invasive nasopharynx carcinoma. He was scored in an intent-
to-treat analysis as a locoregional failure.

Late Toxicity
None of the patients developed radiation-induced late toxicity qWHO

grade III. There was especially no brainstem toxicity or optic neuropathy.
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Discussion

We have clearly demonstrated in our study that fractionated stereotactic
radiotherapy is safe, reliable and effective in the treatment of inoperable ex-
tended meningiomas. Clinical results are promising: local control rates and
survival rates were high while morbidity and subacute and late side effects
were low.

We treated patients with meningiomas for which no histological verification
was available. The neuroradiological diagnosis was based on the typical radiolo-
gical appearance of these tumors. In 1 patient this diagnosis had to be revised: 14
months after radiotherapy, intense extracranial tumor progression was observed
which was then histopathologically diagnosed as squamous cell carcinoma. The
literature mentions other misdiagnoses: Hagen et al. [18] wrongly classified an
astrocytoma grade III and a sclerosing subependymoma as meningioma. Fur-
thermore, brain metastases of prostate carcinomas were diagnosed as meningi-
omas due to their great clinical and radiological similiarity [19].

These diagnostic errors give rise to the question whether radiotherapy
without prior biopsy entails an unbearable risk for the patient. Hagen et al.
[18] examined the rate of correct diagnoses after (a) neuroradiological imaging
and (b) after stereotactic biopsy or resection. Using T-weighted magnetic
resonance (MRT) and/or CT they found a specifity for meningiomas of 97%
and a sensitivity of 94%. Thus, in contrast to neurinomas and pituitary ade-
nomas, meningiomas can be diagnosed by neuroradiological imaging with
very high accuracy. However, the role of the so-called ‘meningeal sign’ to
distinguish meningiomas from other intracranial lesions remains a moot point.
This phenomenon appears on MRT and is described by Schörner et al. [20]
as a linear accumulation of constrast media in the dura adjacent to the margins
of the meningioma. It tapers off with growing distance to the meningioma
margins and is most intense directly at the lesion. Schörner et al. found a
sensitivity of 52% and a specificity of 92%, and placed particular emphasis
on the high relevance of this meningeal sign to tumor diagnosis. Hutzelmann
et al [21], however, consider this phenomenon not to be specific enough to
meningiomas as it can also be observed in other pathological processes close
to the dura (e.g. cerebral metastases). They found a specificity of 70% and
thus proposed that the meningeal sign might be an indication but not a
characteristic feature of meningiomas. The results of this study confirm the
high specificity of radiological diagnosis observed by Hagen et al. [18]. Only in
1 patient was a squamous cell carcinoma wrongly diagnosed as a meningioma.
Further diagnostic errors cannot be excluded, but the extremely good tumor
control rates and recurrence-free survival rates achieved in our study indicate
a very high specificity of neuroradiological diagnosis. Unidentified neoplasms,
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especially malignant forms, would have resulted in lower tumor control and
survival rates.

This leads to the conclusion that stereotactic irradiation without prior
histological verification bears a risk of less than 2%. Whether this risk of
incorrect diagnosis is tolerable depends on the clinical situation. In each pa-
tient, this risk has to be weighed carefully against the risk of biopsy. Neverthe-
less, a biopsy should be performed whenever possible. Of course, consideration
of all available anamnestic and clinical data (e.g. age, sex and neurological
symptoms) is always important as these parameters are very helpful in tumor
diagnostics as well.

With the advent of less invasive neurosurgical procedures and develop-
ments in anesthesia, the number of patients considered inoperable will decrease.
Further improvement in neuroradiological diagnosis can possibly be achieved
by nuclear medical modalities with somatostatin antibodies and by angio-
graphy.
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Treatment of brain metastases represents one of the major challenges in
neuro-oncology. The number of patients developing brain metastases and their
incurability are major factors contributing to continual investigation into this
disease in the last few decades. While diagnostic techniques have been consider-
ably improved by the use of computed tomograpy (CT) and magnetic resonance
imaging (MRI), the results achieved with different treatment modalities are
still far from satisfactory.

With supportive care and steroids, the survival of patients with newly
diagnosed brain metastases is approximately 4–8 weeks. The use of whole-
brain radiation therapy (WBRT) has extended survival up to 18–24 weeks in
cases of multiple brain metastases [1–3]. The addition of surgery, mostly in
cases with one or few brain metastases, seems to offer a benefit, with survival
ranging from 48 weeks in randomised studies [2, 4] to up to 80 weeks in
retrospective studies [5–7]. It was also shown that combined-modality treat-
ment is superior to surgery alone in local control [2–4]. In cases of recurrences,
surgery can prolong survival to 50 weeks [8, 9], while WBRT appears somewhat
inferior, prolonging survival to 20 weeks only [10–12]. However, there are new
techniques that hold promise of improved treatment for patients with newly
diagnosed as well as recurrent brain metastases.

Radiosurgery (RS) is increasingly used. This treatment technique was
originally developed for the treatment of non-oncological disorders using a
device known as the ‘gamma knife’ [13]. Its first subsequent application was
in a non-oncological setting [14, 15]. However, the last two decades witnessed
the introduction of linear accelerator (linac)-based RS that enabled its wider



Table 1. Results of RS in brain metastases using a gamma knife

Centre Author Year Patients/ Local Median
metastases control survival
n % months

Rochester Coffey [16] 1993 22/26 68 11.3
Stockholm Kihlstrom et al. [17] 1993 160/235 94 9
GK User Group Flickinger et al. [18] 1994 116/116 85 9
Sapporo Fukuoka et al. [19] 1996 160/160 95 6.4
San Francisco Shiau et al. [20] 1997 119/261 47 10.2
München Wowra et al. [21] 1997 126/165 89.5 9.2
Pittsburgh Kim et al. [22] 1998 77/115 85 10
Pittsburgh Mori et al. [23] 1998 60/118 90 7
Los Angeles Lavine et al. [24] 1999 45/59 97 8

Total 885/1,255 81 7–11

application. It became widely possible to treat different intracranial malignan-
cies, such as brain metastases, recurrent malignant tumours, primary malignant
tumours, low-grade tumours, and even benign tumours, such as acoustic neuri-
nomas. This technique, however, remains investigational and confined to
specialised centres, the number of which, however, is rapidly increasing.

Of all indications in neuro-oncology, brain metastases have been most fre-
quently treated with RS. The reason for this is that they are usually pseudospher-
ical and well circumscribed, and they mostly do not destroy surrounding healthy
brain tissue by infiltration. Therefore, they have been considered as ideal candi-
dates for RS [25]. On the other hand, progress in radio- therapy and chemo-
therapy made cancers more amenable to treatment, and thus more patients with
this disease will live longer. Unfortunately, this will increase the risk of sub-
sequent development of brain metastases in some of them. Autopsy series seem
to confirm this since 50% of all autopsied cancer patients had brain metastases.

Nevertheless, RS demonstrated its effectiveness in the treatment of brain
metastases. The results achieved with this treatment technique in the last decade
with either the gamma knife (table 1) or linac-based RS (table 2) repeatedly
show good local control which, however, did not translate into improved overall
survival. From 1987 to 1999 more than 20 groups reported their results from RS
performed on 2,057 patients and 2,946 brain metastases. Local tumour control
over all groups was 86% and median survival ranged from 5.5 to 12.5 months,
whether RS was done with the gamma knife or linac-based systems (tables 1, 2).
Most of these series included a limited number of patients, and all were retrospec-
tive in nature. Since it is important to gain information regarding ‘optimal’ fac-
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Table 2. Results of RS in brain metastases using a stereotactic modified linac

Centre Author Year Patients/ Local Median
metastases control survival
n % months

Wisconsin Mehta et al. [26] 1992 40/58 82 6.5
LA+Umeå De Salles et al. [27] 1993 19/34 92 n.a.
Boston Alexander et al. [28] 1995 248/421 85 9.4
Gainsville Buatti et al. [29] 1995 25/28 84 12
Rome Valentino [30] 1995 139/139 86 12.5
Houston Bindal et al. [9] 1996 31/31 61 7.5
Stanford Joseph et al. [31] 1996 120/189 95 8
Cincinatti Breneman et al. [32] 1997 84/177 97.5 10
Sapporo Shirato et al. [33] 1997 39/39 84 8.9
Baltimore Williams et al. [34] 1998 30/45 50–100 7.9–8.4
Heidelberg Pirzkall et al. [35] 1998 236/311 92 5.5
Köln Kocher et al. [36] 1998 106/157 85 8
Tübingen Becker et al. [37] 2000 55/72 92 7

Total 1,172/1,691 89 5.5–12.5

tors associated with RS, this paper analyses possible prognostic factors related
to the patient, to the tumour, or to treatment that may help obtaining a better
insight into this disease while we are embarking on prospective randomised trials
evaluating the place and role of RS in the treatment of brain metastases. To
do so, we searched the literature for reports containing information about the
influence of potential prognostic factors on either overall survival or local tu-
mour control. Several institutions published multiple reports, and in some in-
stances, multi-institutional reports [25, 38–40] have included patients reported
in other single-institution publications. Eliminating this duplication, only the
largest published series of each institution were included in this investigation of
prognostic factors for RS.

Prognostic Factors

Number of Metastases
Three of the more recent trials have consistently found that patients with 1

or 2 lesions fareequally well,but thosewith 3or moremetastases havea uniformly
poor outcome in terms of survival [28, 31, 32]. Breneman et al. [32] reported on
the Cincinnati experience (linac-based) with 84 patients, 79 of whom were treated
for recurrence after previous WBRT. The total number of lesions was 177 and
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median minimum tumour dose was 16 Gy. The number of metastases (1 or 2 vs.
?2) significantly influenced survival (log rank p>0.02). Similar fındings were
made by Alexander et al. [28], who reported on a large single-institution experi-
ence with linac-based RS used to treat 421 brain metastases in 248 consecutive
patients. The patients had a Karnofsky performance status (KPS)q70%, no evi-
dence of acute neurological deterioration and tumours p4 cm. Seventy-six per-
cent of the patients had recurrent disease, 69% had evidence of systemic disease
and 69% had a single metastasis. The median RS dose was 15 Gy. When the
number of metastases was q3, it adversely influenced survival (log rank
p>0.0024). Similar findings were reported by Joseph et al. [31] from Stanford.
One-hundred and twenty consecutive patients with 189 lesions were treated with
linac-based RS; 100 of them had also received WBRT at some time during treat-
ment. The mean prescribed dose to 80–85% isodose contour was 26.6 Gy. Thirty
patients had 2 metastases, and 20 had 3–4 metastases. Patients having 1 or 2
metastases had similar survival (p>0.7), which was significantly better than that
of patients with 3–4 metastases (p>0.0003). Based on these data, it became
world-wide current practice to treat only patients with up to 3 metastases by RS.
In contrast to these observations, Engenhart et al. [41], Buatti et al. [29], Shu et al.
[42], Kocher et al. [36], Pirzkall et al. [35] and Becker et al. [37] did not find any
influence of the number of metastases on survival using Kaplan-Meier analysis,
nor did analyses performed at Pittsburgh University on patients with non-small-
cell lung cancer (NSCLC) metastatic to the brain [22] or malignant melanoma
[23] find any such influence. Interestingly, only half of the aforementioned studies
used Cox’s proportional hazard regression (Cox PHR) in multivariate analysis
to test an independent influence of this possible prognostic factor. Contrasting
findings were made here as well: while Joseph et al. [31] and Mori et al. [23] found
the number of metastases to be an independent prognostic factor, Alexander et al.
[28], Shu et al. [42] and Kim et al. [22] did not (table 3).

The influence of the number of metastases on local control has apparently
been neglected since only four studies evaluated it [20, 28, 36, 37]. An influence
was only found by Shiau et al. [20], but only in a stratified univariate analysis
[20]. However, when applying multivariate analysis, no study could identify it
as an independent prognostic factor (table 3).

While it is reasonable to assume that the number of metastases may be
important for survival – in contradistinction to local control – it seems that
this factor may be interrelated with other factors, such as the use of WBRT,
which remain to be investigated.

Radiation Dose
The influence of radiation dose on local control was investigated by Brene-

man et al. [32], who found that there was a significant improvement in local
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Table 3. Review of the literature for ‘number of metastases’ as prognostic factor

Author Year Patients/ Local control Survival
metastases, n

univariate p multivariate p univariate p multivariate p

Buatti et al. [29] 1995 25/28 Ö ?0.05 n.a.
Alexander et al. [28] 1995 248/421 n.a. ?0.05 + 0.0024 Ö ?0.05
Joseph et al. [31] 1996 120/189 + 0.0003 + 0.0012
Shu et al. [42] 1996 116/248 Ö 0.114 Ö ?0.05
Breneman et al. [32] 1997 87/177 + 0.02 n.a.
Kim et al. [22] 1997 77/115 Ö ?0.05 Ö ?0.05
Shiau et al. [20] 1997 119/261 + 0.0009 Ö ?0.05
Mori et al. [23] 1998 60/118 Ö 0.07 + 0.02
Pirzkall et al. [35] 1998 236/311 Ö 0.18 n.a.
Kocher et al. [36] 1998 106/157 Ö ?0.05 n.a. Ö ?0.05 n.a.
Becker et al. [37] 2000 55/72 Ö 0.1885 n.a. Ö 0.756 n.a.

control with a radiation dose of q18 Gy (p>0.008). Similar findings were
made by Shiau et al. [20], who reported a study in San Francisco, in which
219 lesions (100 patients) were treated with the gamma knife. The median
prescribed dose was 18.5 Gy and the median tumour volume was 1.3 ml. One-
hundred and nineteen metastases were retreated after previous WBRT with
RS only. Of the remaining 100 metastases, 45 were treated with RS only, and
55 lesions used RS as a boost to WBRT. Both D99% and Diso were found to
influence survival. Alexander et al. [28], Kim et al. [22] and Becker et al. [37]
did not find any such influence nor did a multi-institutional report by Flickinger
et al. [18]. When multivariate analysis was performed in all these studies, only
Shiau et al. [20] identified radiation dose as independently influencing local
control in a stratified Cox PHR, all other studies disclosing the opposite
(table 4).

Only four studies [18, 29, 33, 37] evaluated the influence of RS dose on
survival. Univariate analysis showed no such influence, and no significance
was found in the only multivariate study [37] (table 4).

Although this issue continues to be controversial, radiation dose may be
an important prognostic factor, at least for local control, which may reconfirm
some of the oldest radio-oncological principles. However, the true effect of
the dose on local control (and dose-response relationship) is impossible to
verify in the absence of prospective randomised trials. Furthermore, if there
is such an effect, then additional effort should be made to investigate its possible
influence on overall survival. Here, too, this variable may be interrelated with
other variables, such as the activity of systemic disease, number of metastases
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Table 4. Review of the literature for ‘radiation dose’ as prognostic factor

Author Year Patients/ Local control Survival
metastases, n

univariate p multivariate p univariate p multivariate p

Flickinger et al. [18] 1994 116/116 Ö ?0.05 Ö ?0.05 Ö ?0.05 n.a.
Buatti et al. [29] 1994 25/28 Ö ?0.05 n.a.
Alexander et al. [28] 1995 248/421 Ö 0.902 Ö ?0.05
Shiau et al. [20] 1997 119/261 + =0.0001 + 0.0001
Shirato et al. [33] 1997 44/44 Ö 0.279 n.a.
Breneman et al. [32] 1997 84/177 + 0.008 n.a.
Kim et al. [22] 1997 77/115 Ö ?0.05 Ö ?0.05
Becker et al. [37] 2000 55/72 Ö 0.49 Ö 0.056 Ö 0.752 Ö 0.86

or previous (or concurrent) WBRT, which only stresses the necessity for per-
forming prospective randomised trials designed to answer this as well as other
questions.

Tumour Volume and Size
Four studies evaluated the influence of tumour volume or size on local

control, and three of them found a survival advantage for smaller tumour
volumes in univariate analysis. While the studies of Alexander et al. [28] and
Shiau et al. [20] investigated this effect in patients with histologically mixed
brain metastases, Kim et al. [22] found this effect in patients with NSCLC.
However, when multivariate analyses were done, Becker et al. [37] confirmed
the influence of volume and size as an independent prognostic factor in histo-
logically mixed brain metastases and Kim et al. [22] in NSCLC (table 5).

On the other side, eight studies investigated the influence of tumour volume
on survival. By univariate analysis, only San Francisco [42] and Tübingen [37]
studies found it to be significant. While Flickinger et al. [18] did not enter
this variable in their multivariate analysis, Mori et al. [23] did not identify it
as an independent variable. All other studies dealing with volume as a pro-
gnostic factor in multivariate analysis could demonstrate the independent
influence of metastatic tumour volume on survival [22, 35–37, 42]. Kim et al.
[22] found it to be a significant factor in NSCLC patients. While Kim et al.
[22], Pirzkall et al. [35] and Kocher et al. [36] found an influence only by
multivariate analysis, the study by Becker et al. [37] demonstrated a high
significance of tumour volume on survival both by univariate and in multivari-
ate analysis (table 5).

Clearly, tumour volume plays an important role in local tumour control.
However, this influence may be interrelated with other variables, such as radi-
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Table 5. Review of the literature for ‘tumour volume’ as prognostic factor

Author Year Patients/ Local control Survival
metastases, n

univariate p multivariate p univariate p multivariate p

Flickinger et al. [18] 1994 116/116 Ö ?0.05 n.a.
Alexander et al. [28] 1995 248/421 + 0.018 Ö ?0.05
Shu et al. [42] 1996 116/248 + 0.0005 + 0.0005
Shiau et al. [20] 1997 119/261 + =0.0001 Ö ?0.05
Kim et al. [22] 1997 77/115 + 0.027 Ö 0.0411 Ö ?0.05 + 0.0009
Shirato et al. [33] 1997 44/44 Ö 0.82 n.a.
Mori et al. [23] 1998 60/118 Ö 0.93 + 0.74
Pirzkall et al. [35] 1998 236/311 Ö ?0.05 + 0.01
Kocher et al. [36] 1998 106/157 n.a. + 0.04
Becker et al. [37] 2000 55/72 Ö 0.14 + 0.0205 + 0.002 + 0.0002

ation dose and histology. Only after demonstrating that it may influence local
control, can an influence on survival be sought, because it is not clear how it
can influence survival without first exerting its influence on local control; the
same applies to some of the other factors examined.

Performance Status
Performance status has been evaluated regarding its influence on survival

only. Eight studies evaluated it in 25 (with 28 metastases) to 236 patients (with
311 metastases). By univariate analysis, the studies of Joseph et al. [31], Shu
et al. [42] and the multi-institutional analysis of highly selected patients (single
metastasis, KPS q70%) [39] found an influence; four other studies did not
[22, 23, 29, 35]. However, of seven studies using multivariate analysis – Buatti
et al. [29] did not use the Cox model – Kim et al. [22] and Mori et al.
[23], dealing with single histologies, i.e. NSCLC and malignant melanoma,
respectively, did not confirm it to be an independent factor and Becker et al.
[37], dealing with mixed histologies, did not find it to be significant. On the
other side, the large studies of Joseph et al. [31], Shu et al. [42] and Pirzkall
et al. [35] found an independent influence on survival (table 6). Auchter et al.
[39] analysed a highly selected patient group (122 patients out of 533) with
single metastases and a good performance status, so that this retrospective
analysis will not be representative enough to clarify the role of performance
status in the outcome of RS.

It is likely that this variable may influence survival, but not local control.
However, it can simply be an expression of the existence of another possible
prognostic factor, e.g. the activity (or presence) of systemic disease or uncon-
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Table 6. Review of the literature for ‘KPS’ as prognostic factor for survival

Author Year Patients/ Univariate p Multivariate p
metastases, n

Buatti et al. [29] 1995 25/28 Ö ?0.05 n.a.
Joseph et al. [31] 1996 120/189 + 0.00002 + 0.0001
Auchter et al. [39] 1996 122/122 + 0.0001 + 0.0001
Shu et al. [42] 1996 116/248 + 0.02 + 0.009
Kim et al. [22] 1997 77/115 Ö ?0.05 Ö ?0.05
Mori et al. [23] 1998 60/118 Ö 0.12 Ö 0.43
Pirzkall et al. [35] 1998 236/311 Ö ?0.05 + 0.032
Becker et al. [37] 2000 55/72 Ö 0.085 Ö 0.32

trolled primary tumour, or volume of metastases subsequently causing neuro-
logical deficits, which may all adversely influence survival. As stated above,
this variable and its interrelation with other variables need to be fully explored
in prospective randomised trials in order to avoid biases inherent in any
retrospective analysis, even when multivariate analysis is done.

Activity of Systemic Disease
It seems that this factor is most likely to be universally accepted as one

of the most important independent variables predicting survival. Nearly all
studies that evaluated it found it to be significant in both univariate and
multivariate analyses [22, 23, 28, 32, 33, 35, 36]. Only in the large study by
Joseph et al. [31] did it show borderline non-significance (p>0.058). But
systemic disease activity may be interrelated with other variables, because in
the first analysis by the Heidelberg group [41] with 102 metastases, in contrast
to the last follow-up, it was non-insignificant; the same applies to the Tübingen
results [37]. Nevertheless, it is safe to state that patients having no active
systemic disease are those most likely to live long enough to benefit from RS,
provided that RS is beneficial regarding local control. Only that way can
improved local control translate into improved overall survival. Identification
of such patients may be an important goal of future studies, before we embark
on prospective randomised studies designed to investigate important questions
in this disease and its treatment by RS.

Histology
The influence of histology on local tumour control was investigated in six

studies. While Alexander et al. [28] and Williams et al. [34] did not find an influ-
ence of histology on local control, Flickinger et al. [18], Breneman et al. [32],
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Table 7. Review of the literature for ‘histology’ as prognostic factor

Author Year Patients/ Local control Survival
metastases, n

univariate p multivariate p univariate p multivariate p

Engenhart et al. [41] 1993 69/102 Ö ?0.05 n.a.
Flickinger et al. [18] 1994 116/116 + 0.0003 + 0.00006 + =0.05 + 0.0002
Buatti et al. [29] 1995 25/28 Ö ?0.05 n.a.
Alexander et al. [28] 1995 248/421 Ö 0.273 Ö ?0.05 Ö 0.065 Ö ?0.05
Joseph et al. [31] 1996 120/189 Ö 0.30 n.a.
Shiau et al. [20] 1997 119/261 + =0.0001 + 0.0041
Breneman et al. [32] 1997 84/177 + 0.002 n.a.
Kim et al. [22] 1997 77/115 Ö ?0.05 Ö ?0.05
Williams et al. [34] 1998 30/45 Ö 0.24 n.a. + 0.0005 n.a.
Becker et al. [37] 2000 55/72 + 0.0165 + 0.0023 Ö 0.71 + 0.0499

Shiau et al. [20] and Becker et al. [37] did, although their findings are rather
inconclusive. While Flickinger et al. [18] found that patients with melanoma and
renal cell carcinoma fared better in univariate and multivariate analysis [18], as
far as local control was concerned, Shiau et al. [20] reported a better local control
only in renal cell carcinoma and no difference between melanoma and adenocar-
cinoma; however, using stratified multivariate analysis, the outcome of patients
with melanoma was significantly worse than that of patients with adenocar-
cinoma. Breneman et al. [32] saw no local failure in melanoma, but they did not
perform multivariate analysis. Using univariate analysis, the Tübingen group
found only renal cell carcinoma to have an independent and adverse influence
upon local control; by multivariate analysis, local control of renal cell carcinoma
and melanoma was found to be significantly worse than for other cancer types
[20] (table 7). The hypothesis was that the so-called radioresistant tumours may
be better controlled by a single high dose [18, 20, 32], than by conventional
fractionation, but except for Flickinger et al. [18], no study could confirmed this
by multivariate analysis. Shiau et al. [20] and Becker et al. [37], for their part,
concluded that melanoma and renal cell carcinoma have a worse prognosis.

The influence of histology on survival was frequently investigated. Of eight
studies published [18, 22, 28, 29, 31, 34, 37, 41], only the studies of Williams et al.
[34] and Flickinger et al. [18] concluded that it was important based on univariate
analysis; in the study of Alexander et al. [28] it reached borderline significance
(p>0.065). When the data were subjected to multivariate analysis, survival for
breast cancer remained significantly improved in contrast to local control. Thus,
in this multi-institutional study, the significantly better local control revealed by
Kaplan-Meier analysis for renal cell carcinoma and melanoma did not translate
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into better survival using multivariate analysis [18]. Among all comparable
studies using multivariate analysis, only the Tübingen study identified radio-
resistant cancers to have a worse prognosis for local control resulting in a worse
prognosis for survival [37] (table 7). Owing to the sharp contrasts among the
published data for local control, no firm conclusions can be drawn concerning
the role of large single-fraction radiotherapy, i.e. RS. While there are no data
showing that RS improves survival in radioresistant cancers, the Tübingen multi-
variate analysis was the first to confirm their worse prognosis.

Necrosis or Pattern of Enhancement
The influence of this variable on local control was investigated in two

studies [20, 22]. By univariate analysis, Shiau et al. [20], in contradistinction
to Kim et al. [22], established its importance with homogeneous patterns of
enhancement carrying a better prognosis than either heterogeneous or ring-
shaped-enhancing patterns, the latter suggesting the presence of necrosis. The
situation remained the same when multivariate analysis was done.

Kim et al. [22] and Kocher et al. [43] investigated the influence of necrosis
on survival and showed that it does not influence survival in univariate analysis,
but when multivariate analysis was done, necrosis was shown as an independent
prognostic factor adversely influencing survival in NSCLC [22]. The simulation
study by Kocher et al. [43] suggests that the therapeutic effect of single-dose RS
in malignant brain tumours cannot be understood without considering vascular
effects. Their computer model might serve as a basis for exploring new treatment
modalities that modify both the cytotoxic and vascular effects of RS [43].

Primary or Recurrent Lesions
The influence of this variable was investigated by Flickinger et al. [18]

and Alexander et al. [28]. While Flickinger et al. [18] did not confirm its
influence on survival based on Kaplan-Meier analysis and did not include it
in their multivariate analysis, Alexander et al. [28] used both univariate and
multivariate analysis to confirm its importance, showing that RS instituted
for newly diagnosed brain metastases achieves significantly better local control
as RS instituted at the time of recurrence.

On the other side, the influence of the timing of RS on survival was
uniformly shown not to be an important prognostic factor by either univariate
or multivariate analysis.

Location
Three studies evaluated the effect of tumour location on local control.

While Alexander et al. [28] found advantages for supratentorial tumours, Shiau
et al. [20] were not able to demonstrate such an effect. The same applies to
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Table 8. Review of the literature for ‘location’ as prognostic factor

Author Year Patients/ Local control Survival
metastases, n

univariate p multivariate p univariate p multivariate p

Alexander et al. [28] 1995 248/421 + 0.003 + 0.009
Kim et al. [22] 1997 77/115 Ö ?0.05 Ö ?0.05
Shiau et al. [20] 1997 119/261 Ö ?0.05 Ö ?0.05
Mori et al. [23] 1998 60/118 Ö 0.37 Ö 0.64
Becker et al. [37] 2000 55/72 Ö 0.0837 + 0.0012 Ö 0.71 Ö 0.48

multivariate analysis. Only the Tübingen study compared midline – brain stem
up to basal ganglia – to all other locations of the metastases: The outcome
of patients with midline locations was worse. Although the number of patients
in the midline group was small, midline location was the strongest independent
prognostic factor in their study [37] (table 8).

The possible influence of this variable on survival was investigated by
Kim et al. [22] and Mori et al. [23] on two cohorts of patients with different
histologies (namely, NSCLC, and malignant melanoma, respectively) from
Pittsburgh. None found an influence of tumour location on survival. Nor did
Becker et al. [37] find any influence on survival for mixed histogies (table 8).

Whole-Brain Radiotherapy
While prospective randomised studies showed that postsurgery WBRT

was beneficial in cases with one or few brain metastases [2, 4], the role of
WBRT after RS is unclear. Up to now, only 7 retrospective studies dealing
with the impact of WBRT on local control and/or survival are available. By
univariate analysis, Fuller et al. [44] and Flickinger et al. [18] found that its
impact was significant, while Pirzkall et al. [35] and Becker et al. [37] did not.
Alexander et al. [28] found that the use of WBRT improved local control,
but the difference was borderline (p>0.054). The non-randomised study by
Flickinger et al. [18] included 51 patients treated with RS alone who were
compared to 65 patients treated with RS plus WBRT. In their multivariate
analysis, they found that actuarial local control at 24 months following RS
alone was 50% compared to 80% for RS plus WBRT (p>0.011). However,
this did not translate into a survival advantage [18, 45] (table 9).

It may be surprising that this additional treatment intervention proved
not to be of more benefit. However, other factors like activity of systemic
disease may be interrelated with WBRT as well, and this emphasises the need
for controlled studies. Thus, clarification of the role of WBRT after RS will
have to await the results of randomised EORTC and RTOG studies.
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Table 9. Review of the literature for ‘WBRT’ as prognostic factor

Author Year Patients/ Local control Survival
metastases, n

univariate p multivariate p univariate p multivariate p

Fuller et al. [44] 1992 27/47 + 0.0007 n.a. Ö 0.3735 n.a.
Flickinger et al. [18] 1994 116/116 + 0.004 + 0.0111 + 0.0081 Ö 0.0814
Alexander et al. [28] 1995 248/421 Ö 0.054 n.a.
Joseph et al. [31] 1996 120/189 Ö 0.064 n.a.
Mori et al. [23] 1998 60/118 Ö 0.26 Ö 0.10
Pirzkall et al. [35] 1998 236/311 Ö 0.13 n.a. Ö 0.75 Ö 0.13
Becker et al. [37] 2000 55/72 Ö 0.93 Ö 0.19 Ö 0.15 Ö 0.26

Table 10. Review of the literature for ‘time from diagnosis of primary
tumour to the diagnosis of brain metastases’ as prognostic factor for survival

Author Year Patients/ Univariate p Multivariate p
metastases, n

Buatti et al. [29] 1995 25/28 + 0.047 n.a.
Auchter et al. [39] 1996 122/122 Ö 0.11 n.a.
Becker et al. [37] 2000 55/72 + 0.0369 + 0.0004

Time from the Diagnosis of the Primary Tumour to the Diagnosis of
Brain Metastases
This factor was only investigated by three groups: Auchter et al. [39], who

reported on multi-institutional experience with RS in single brain metastases,
found a trend to improved survival in patients with longer time intervals from
diagnosis of primary tumour to the diagnosis of brain metastases, but it did
not reach significance (p>0.11) and prevented the authors from entering it in
multivariate analysis. Buatti et al. [29] were the first to report a significantly
higher survival (rate p>0.0001) in patients with an interval of?1 year to devel-
oping brain metastases and improved survival in this group after RS (p>0.047).
In addition, Shiau et al. [20] showed that the interval between diagnosis of brain
metastasis and RS was a significant factor improving freedom from progression
in uni- and multivariate analysis. Becker et al. [37] found this time interval to be
significant in univariate analysis and identified it as an independent prognostic
factor in multivariate analysis (p>0.0004; table 10). It is somewhat surprising
that this variable was not investigated more frequently, since it seems logical to
expect favourable effects of the delayed appearance of brain metastases regard-
less of subsequent treatment. If this interval is shorter, it may, at least partially,
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indicate more aggressive disease, with brain metastases appearing either alone
or concurrently with other distant metastases.

Conclusions

According to the literature, the only factor unequivocally associated with
improved survival appears to be the absence of active systemic disease. There-
fore, it will be necessary to clearly identify these patients before RS, because
they constitute part of a ‘favourable’ subgroup that may live long enough to
experience improvements in local tumour translating into improved overall
survival. Since systemic disease activity often correlates with KPS, it may be
assumed that patients with a higher KPS would be likely to be free of systemic
disease. This could also be extended to the number of brain metastases since
it can also influence the remaining life of potential candidates for RS.

In summary, patients without active systemic disease, who probably have a
KPS of at least 70%, and a limited number of brain metastases [1–3] would consti-
tute this ‘favourable’ subgroup of patients most likely to live long enough to
benefit most from RS. However, this impact is difficult to imagine without im-
proved local tumour control. Therefore, factors such as radiation dose, tumour
volume, histology, timing, pattern of enhancement/necrosis, and location should
be thoroughly investigated in potential candidates for RS. Finally, the use of
WBRT is of special importance. It may be a suitable method to increase the local
control rate while enabling simultaneous treatment of microscopic disease in the
brain outside the target volume which may additionally prolong survival.

All factors analysed were drawn from retrospective studies, sometimes with
an extremely small number of patients. These facts, as well as the fact that some
studies used only inconclusive Kaplan-Meier survival analysis while others in-
cluded patients already reported in previous studies, make any firm conclusion
impossible. Hopefully, ongoing studies [36, 40] will help to clear some of the
issues regarding potential prognostic factors in RS of brain metastases.
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Adjuvant Radiotherapy following Radical
Prostatectomy

T. Wiegel

Department of Radiotherapy, University Hospital Benjamin Franklin, Freie
Universität, Berlin, Germany

Prostate carcinoma is one of the most frequent malignant diseases
affecting older men with increasing incidence. For clinical localized carcinomas
without lymph node metastases, radiotherapy (RT) and radical prostatectomy
(RP) represent two potentially curative, highly efficacious therapy options
[1–4]. After RP, postoperative examination of clinical T1/2a carcinomas re-
vealed a pathologic stage T3/4 in up to 25% of the cases; this probability
increases to more than 40% in the case of a clinical T2b tumor [5]. If patients
with clinical stage T3 carcinomas undergo RP, the probability of postoperative
tumor growth beyond the organ capsule is 70–80% due to considerable pre-
operative staging uncertainties [6]. Prostate-specific antigen (PSA) screening
in the follow-up period, routine since 1987, has shown that in pathologic stage
pT3a-b (capsular penetration, infiltration of the periprostatic tissue and/or
seminal vesicles) or pT4 (infiltration of adjacent organs) with or without
positive margins, a PSA elevation exceeding the undetectable range can be
expected within 3–5 years in 15–60% of the cases depending upon primary
tumor extension [6–8]. In 35–54% of patients exhibiting PSA elevation after
RP without clinical signs of tumor recurrence, vital tumor tissue was found
using punch biopsy from the urethrovesical anastomosis [9, 10]. There is no
uniform treatment recommendation for stage pT3/4 either with or without
positive margins. Whereas some authors favor a wait-and-see strategy and
possibly a delayed hormone therapy, others advocate immediate hormone
therapy [5, 6, 11]. Adjuvant RT has been discussed in high-risk patients (pT3,
positive margins, infiltration of the seminal vesicles) with an undetectable PSA.
Others advocate radiotherapy when the PSA has increased to the detectable
range, was persistent following RP [8, 12, 13] or for biopsy-proved local



Table 1. Series from the literature comparing patients with adjuvant RT and without
adjuvant RT for pT3 tumors – clinical local control

Reference With RT Without RT

patients 5-year patients 5-year
local control local control
rate, % rate, %

Anscger et al. [7] 46 96 113 80
Wiegel and Bressel [16] 56 100
Schild et al. [17] 60 100 228 83
Syndicus et al. [18] 89 100 88 79
Petrovich et al. [19] 201 95

recurrence without distant metastases [7, 14]. Technological developments over
the past 10 years have led to significant improvements in radio-oncology,
especially three-dimensional (3D) treatment planning, which has made adju-
vant RT increasingly attractive to urologists. 3D treatment planning reduces
acute as well as late side effects in rectum and bladder [11, 15].

The purpose of this paper is to discuss the value of early adjuvant RT in
high-risk patients following radical prostatectomy.

Results from Retrospective Series

Historically, adjuvant RT has been used in pT3 patients with varying
prognostic factors as positive margins, seminal vesicle involvement, Gleason
score ?7 or large extracapsular extension [3, 4]. Several studies have noted
significantly improved local control with adjuvant RT compared to without
adjuvant RT (table 1). In most series with adjuvant RT, the 5-year local control
rate was 95–100% compared with 79–83% (p=0.05) [16, 18].

Additionally, significantly improved biochemical control rates (with un-
detectable PSA following RT) were shown in about 5–6 major retrospective
series (table 2). In a recently published series, Valicenti et al. [22] demon-
strated data of a matched-pair analysis of 72 patients with or without
adjuvant RT after RP. In this analysis, patients were grouped using Gleason
score (=7 versus ?7), preoperative PSA value (=10 ng/ml versus ?10 ng/
ml), seminal vesicle infiltration (positive versus negative) and margin status
(positive versus negative). All patients had an undetectable PSA following
RP (=0.2 ng/ml) and negative lymph nodes. Thirty-six patients had a median
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Table 2. Series from the literature comparing patients with adjuvant RT and without
adjuvant RT for pT3 tumors – biochemically disease free at 5 years

Reference With RT Without RT

patients 5-year PSA patients 5-year PSA
‘undetectable’ ‘undetectable’
% %

Freeman et al. [20] 95 62
Zietman et al. [21] 84 73 62 27
Schild et al. [17] 60 57 228 40
Syndicus et al. [18] 89 93 88 74
Petrovich et al. [19] 201 67
Valcenti et al. [22] 36 89 36 55

dose of 64 Gy. The 5-year freedom from PSA relapse was 89% versus 55%
(p=0.05).

However, in these series no prologation of overall survival was seen [4].
Most of these series had relatively small numbers of patients. It was shown
that the time from PSA increase until the development of metastases is between
5–8 years and a patient who undergoes RP has a life expectancy of more than
10 years [23]. Therefore, hundreds of patients are necessary to show a survival
advantage of 5–10%. Additionally, for example, patients with infiltration of
the seminal vesicles have a high rate of distant micrometastasis and possibly
do not benefit from local RT [16].

Valicenti et al. [24] have shown that in case of RT for increasing PSA
after RP, higher doses are necessary to achieve an undetectable PSA, again
because the tumor burden may be higher. For their 52 patients with undetec-
table pre-RT PSA levels, the 3-year no-evidence-of-disease (NED) rate was
91% for patients irradiated to 61.5 Gy or more and 57% for those irradiated
with lower doses (p=0.05). For patients with pre-RT PSA levels between 0.2
and 2 ng/ml, the 3-year NED rate was only 33% for those irradiated with
doses lower than 64.8 Gy. Therefore a potential advantage of adjuvant RT is
the lower risk of severe late side effects due to the lower doses needed.

Randomized Trials

Three major prospective phase III randomized trials have been com-
pleted or are accruing patients. In all of these studies, patients with pT3

147Adjuvant Radiotherapy following Radical Prostatectomy



tumors with or without positive margins were randomized between radio-
therapy (about 60 Gy) and wait-and-see. One trial of the South Western
Oncology Group (SWOG) including most patients before the start of routine
PSA evaluation has been completed and the results are pending. The EORTC
trial compares patients with pT3 tumors with PSA evaluation before the
start of treatment and about 700 patients are randomized. The trial of the
Arbeitsgemeinschaft Radiologische Onkologie der Deutschen Krebsgesel-
lschaft (ARO) and Arbeitsgemeinschaft Urologische Onkologie der De-
utschen Krebsgesellschaft (AUO), which additionally compares only patients
with pT3 tumors who postoperatively achieved an undetectable PSA, has
accrued 100 patients [4]. Therefore, within the next years results from these
major trials will be available and might help for treatment decision in these
patients.

RT for Persistent PSA following Radical Prostatectomy

The best treatment of patients with detectable PSA levels that postopera-
tively never decreased to the undetectable range remains controversial [2, 4,
12, 13, 25]. Link et al. [25] observed a complete remission in only 9% (n>12)
of patients with persisting PSA; similar results were reported by Coetzee et al.
[26]: only 20% (n>15) of these patients achieved an undetectable PSA value
following RT. However, the data of Morris et al. [2] contrast with these studies.
Among 67 patients with persisting PSA levels, 65% attained the undetectable
range, precisely the same rate found among 59 patients with late elevation. In
view of these data, RT for persistent PSA following RP opens the possibility
of a curative treatment option in selected patients. Unfortunately, it is impossi-
ble to predict the outcome. The ASTRO consensus panel therefore was unable
to exclude these patients from RT [27].

Comparison between Adjuvant RT and RT for Increasing PSA

There is only one comparison of both modalities available. Morris et al.
[2] from the MGH reported about 88 patients: 48 were irradiated as a salvage
measure for a PSA elevation and 40 had RT as an adjuvant treatment due
to an estimated high risk of local failure. 88% of the patients receiving
adjuvant treatment and only 68% of the patients treated for elevation of
PSA were biochemically disease free 3 years after surgery. These data suggest
that adjuvant irradiation of a smaller tumor burden has a higher chance of
success.
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Acute and Late Side Effects

A low rate of side effects is of particular importance for an adjuvant RT
without histologic confirmation of persistent tumor. As demonstrated by data
from the literature, doses of RT up to 63 Gy given with 3-day treatment
planning are very rarely associated with serious long-term rectum and bladder
side effects of grade III/IV (according to the RTOG-EORTC grading system),
that is with a probability of less than 3%. Syndicus et al. [18] reported grade
III/IV side effects in relation to bladder function; however, they did not distin-
guish between cystitis and incontinence, and patients who only underwent RP
also had a high rate of grade III side effects. Although total doses of 50–56
Gy were moderate, the median single dose was 2.76 Gy. This was possibly the
reason for the increased rate of serious bladder side effects [18, 28]. When the
postoperative RT was performed in a 3D-planned, 3- or 4-field box technique
with individual-shaped fields to spare the bladder and rectum, RTOG grade
I/II side effects occurred in up to 15% of the patients. They did not have a
significantly negative impact on quality of life [4]. Formenti et al. [29] investi-
gated the rate and degree of incontinence and impotence after nerve-sparing
RP with or without adjuvant RT. The follow-up examination comprised only
a questionnaire. No difference was found between 72 patients who underwent
both RP and RT and 138 patients who underwent only RP when the total
dose was 45–54 Gy. In a randomized study of 100 patients, there was no
difference in the number of completely continent patients between the group
receiving 60 Gy and the group under observation after 24 months [10]. In a
retrospective analysis from the Mayo Clinic, the side effects in 60 patients with
adjuvant RT were not significantly different from those of 220 patients who
did not receive adjuvant RT.

Conclusions

In conclusion, adjuvant RT offers a highly effective approach to reduce
local recurrence rate, to improve the rate of biochemical freedom from relapse
with low acute and late morbidity in patients with a high risk of local recurrence
following RP. However, there is no survival advantage at the moment, perhaps
due to the relatively small number of patients in these retrospective series. In
patients with a high risk for local recurrence adjuvant RT seems to be superior
compared to patients treated for elevation of PSA following RP. Three major
prospective studies have been completed or are open for randomization, but
data are not available yet. Until these data become available, clinicans have
to treat these patients according to their own experience. In patients with high
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risk for local recurrence, immediate adjuvant RT seems to improve clinical
outcome compared to RT protracted until increased PSA values are found.

References

1 Anscher M, Prosnitz LR: Multivariate analysis of factors predicting local relapse after radical
prostatectomy – possible indications for postoperative radiotherapy. Int J Radiat Oncol Biol Phys
1991;21:941–947.

2 Morris MM, Dallow KC, Zietman AL, Park J, Althausen A, Heney NM, Shipley WU: Adjuvant
and salvage irradiation following radical prostatectomy for prostate cancer. Int J Radiat Oncol Biol
Phys 1997;38:731–736.

3 Perez CA, Eisbruch A: Role of postradical prostatectomy irradiation in carcinoma of the prostate.
Semin Radiooncol 1993;3:198–209.

4 Wiegel T, Steiner U, Hinkelbein W: Adjuvante Strahlentherapie nach radikaler Prostatektomie –
Indikationen, Ergebnisse, Nebenwirkungen. Strahlenther Onkol 1997;173:309–315.

5 Catalona WJ, Smith DS: 5-Year tumour recurrence rates after anatomical radical retropubic
prostatectomy for prostate cancer. J Urol 1995;152:1837–1843.

6 Morgan WR, Bergstrahl EJ, Zincke H: Long-term evaluation of radical prostatectomy as treatment
for clinical stage C (T3) prostate cancer. Urology 1993;41:116–120.

7 Anscher MS, Robertson CN, Prosnitz LR: Adjuvant radiotherapy for pathologic stage T3/4
adenocarcinoma of the prostate: Ten-year update. Int J Radiat Oncol Biol Phys 1995;33:
37–43.

8 Ohori M, Wheeler TM, Kattan MW, Goto Y, Scardino PT: Prognostic significance of positive
surgical margins in radical prostatectomy specimens. J Urol 1995;154:1818–1824.

9 Lightner DJ, Lange PH, Reddy PK, Moore L: Prostate specific antigen and local recurrence after
radical prostatectomy. J Urol 1990;144:921–926.

10 van Cangh PJ, Richard F, Lorge F, Castille Y, Moxhon A, Opsomer R, de Visscher L, Wese FX,
Scalliet P: Adjuvant radiation therapy does not cause urinary incontinence after radical pros-
tatectomy: Results of a prospective randomized study. J Urol 1998;159:164–166.

11 Zimmermann FB, Molls M: Three-dimensional treatment planning: Principles and practice. Onkolo-
gie 1998;21:474–484.

12 Forman JD, Meetze K, Pontes E, Wood DP, Shamsa F, Rana T, Porter AT: Therapeutic irradiation
for patients with an elevated post-prostatectomy prostate specific antigen level. J Urol 1997;158:
1436–1440.

13 Wu JJ, King SC, Montana GS, McKinstry CA, Anscher MS: The efficacy of postprostatectomy
radiotherapy in patients with an isolated elevation of serum prostate-specific antigen. Int J Radiat
Oncol Biol Phys 1995;32:317–323.
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According to the American Cancer Society, the number of new cases of
cancer of the prostate in the United States has increased from 99,000 in 1988
to 122,000 new cases in 1991, to 244,000 cases in 1995, to 317,100 cases in
1996, and an anticipated 184,500 cases in 1999. This change in the absolute
number of new cases diagnosed in the United States is related to better educa-
tional programs in cancer of the prostate for men, more regular physical
examinations including digital rectal examination and prostatic specific antigen
determinations. In 1999, cancers of the prostate, cancers of the lung, cancers
of the breast, and cancers of the colon represent almost 60% of all new invasive
cancers diagnosed in the United States.

However, many controversies remain in the management of patients with
cancer of the prostate including the following:

] the importance of and impact of prostatic specific antigen screening
] the discussion relative to treatment versus no treatment
] the utilization of prophylactic or concomitant hormonal therapy
] the need for surgical exploration for lymph node involvement prior to the final decision

for treatment management
] the pros and cons of prostatectomy versus radiation therapy
] the role for interstitial implantation brachytherapy technologies in the management of

prostate cancer versus external beam radiation therapy
] the role for transurethral resection of the prostate
] the circumstances under which periaortic lymph node irradiation might be an advantage
] the timing for postradiation therapy biopsy and the impact of such biopsies
] the role for adjuvant chemotherapy



] the role for cryosurgery
] the role for hyperthermia
] the role for combined-modality treatment
] the impact of any treatment program on potency

Emerging in these points of controversy are the benefits that might accrue
as a consequence of the utilization of three-dimensional (3D) conformal radi-
ation therapy. Such treatment would allow high-dose volume tailored to the
target volume while delivering a low dose to the nontarget tissues and non-
involved tissues in the patient. A 3D conformal radiation therapy technology is
based upon the evolution and appropriate utilization of patient immobilization
devices, integration of imaging systems, simulators, 2D radiation therapy treat-
ment systems for documentation of dose distribution, the development of linear
accelerators and utilization of alloy-shaped fields or multileaf collimators, and
ongoing continuing radiographs to document the volume being treated.

With the advent of better patient fixation devices, more precise specifica-
tion of target volume and organs at risk, design of beam shapes and orienta-
tions for 3D treatment delivery, 3D dose calculations, multileaf collimators,
set the stage for this new class of solutions in 3D radiation therapy treatment
planning and treatment delivery. The utilization of computed tomography
simulation for the 3D radiation therapy treatment systems allow for optimiza-
tion of beam geometry and dose distribution. Online electronic portal imaging
allows for confirmation of the treatment program during treatment. The devel-
opment of 3D radiation therapy represents a new era in radiation oncology
leading to anticipated substantially improved treatment-planning and dose
delivery systems.

With this background in place, a program for assessment of 3D versus 2D
radiation therapy treatment programs in cancer of the prostate was initiated.
During the interval of this study, it was routine for this investigator to treat
whole pelvis to 50.4 Gy. Our goal was to retrospectively determine any differ-
ences between the two planning modalities in treating whole pelvis with cone-
downs to prostate and seminal vesicles as far a acute and chronic morbidities
are concerned.

Materials and Methods

This study compares 3D versus 2D radiation therapy treatment planning. The charts
of 56 patients were retrospectively reviewed from 1992 to 1997. Patients for this evaluation
were all managed by a single investigator. All patients were seen regularly during the treatment
program and all patients were carefully and continuously medically managed during their
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Table 1. Distribution of stage: number
and percentage of patients in each planning
modality

Stage 2D 3D

T1a 0 (0) 0 (0)
T1b 10 (27.8) 2 (10)
T1c 8 (22.2) 10 (50)
T2a 6 (16.7) 5 (25)
T2b 7 (19.4) 0 (0)
T2c 2 (5.6) 0 (0)
T3 3 (8.3) 3 (15)

Figures in parentheses are percentages.

Table 2. Months of follow-up: number
of patients in each planning modality Follow-up 2D 3D

months

Average 60 24
Median 54 23
Range 20–110 12–38

Table 3. Central axis dose (gray)
2D 3D

Average dose 68.3 69.9
Median dose 68.4 70.2
Range dose 64.8–70.4 66.6–73.8

treatment program, seen on a regular basis throughout their entire treatment program and
on a regular basis in follow-up.

The distribution of cases during this time period is shown in table 1. The data relative
to follow-up are summarized in table 2.

All patients in both groups were simulated with contrast in the urethra to identify the
apex of the prostate. They were simulated also with contrast in the small bowel, contrast in
the rectum, and contrast in the bladder to more appropriately identify the true extent of the
prostate, seminal vesicles and the surrounding normal tissues. Some patients in the 2D group
were treated in the prone position with an abdominal wedge to maximally exclude small
bowel from treatment. In both groups of patients, the initial treatment volume was defined
as the prostate, seminal vesicles and the regional lymph nodes. Also in both groups, the
patients were treated to 50 Gy at 1.8–2 Gy per fraction in 5–6 weeks with cone-down to the
prostate and seminal vesicles to the dose distributions illustrated in table 3. The cone-down
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Table 4. Radiation Therapy Oncology Group skin, acute genitourinary, gastrointestinal,
proctitis and cystitis morbidity grade distributions

Grade 2D 3D Grade 2D 3D

Skin morbidity Acute genitourinary morbidity
0 17 (47.2) 4 (20) 0 9 (25.0) 4 (20)
I 13 (36.1) 13 (65) I 14 (38.9) 11 (55)
II 5 (13.9) 3 (15) II 12 (33.3) 5 (25)
III 0 (0) 0 (0) III 1 (2.8) 0 (0)
IV 1 (2.8) 0 (0) IV 0 (0) 0 (0)

Gastrointestinal morbidity Proctitis
0 7 (19.4) 1 (5) 0 30 (83.3) 13 (65)
I 13 (36.1) 8 (40) I 5 (13.9) 7 (35)
II 15 (41.7) 11 (55) II 1 (2.8) 0 (0)
III 1 (2.8) 0 (0) III 0 (0) 0 (0)
IV 0 (0) 0 (0) IV 0 (0) 0 (0)

Cystitis
0 24 (66.7) 18 (90)
I 6 (16.7) 2 (10)
II 1 (2.8) 0 (0)
III 0 (0) 0 (0)
IV 0 (0) 0 (0)

Number and percentage (in parentheses) of patients in each planning modality.

for the 2D group was designed by manually transposing the prostate-seminal vesicle anatomy
from computed tomography images in the treatment position to simulation films and adding
a margin of 1.8 cm which allows for day-to-day variation in positioning, organ movement,
and beam penumbra. The dosage in both groups during this interval was calculated as tumor
dose minimum.

Results

The patients were followed on a regular basis as noted in table 2 and
toxicities were defined according to the scales set forth by the Radiation
Therapy Oncology Group morbidity grading system. Table 4 defines the tox-
icities between the treatment regimens. No significant difference is noted be-
tween the two treatment regimens although there was a slightly greater
incidence of toxicities of grade I and grade II in the 3D treatment group with
regard to gastrointestinal morbidity.
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All toxicities were assessed in toto as to acute, intermediate and long
term. The follow-up on the patients shows that at 2 years, all patients continue
to be alive without recurrence of their disease process.

Discussion

Technologic and computer developments have moved radiation oncology
into the era of 3D conformal radiation therapy. Both computed tomography
and magnetic resonance imaging provide a 3D model of the patient’s anatomy
and tumor allowing the radiation oncologist to prescribe the radiation therapy
dosage to the tumor more accurately while sparing neighboring critical normal
organs. The potential to improve the therapeutic ratio by increasing efficacy
and better therapeutic outcome needs to be confirmed in clinical trials.

The present study illustrates that this can be accomplished using both
2D and 3D treatment techniques without increasing normal tissue toxicities
as a consequence of the treatment program and with results at 2 years being
the same in the two groups with regard to survival without disease as well as
toxicities from treatment. A larger cohort to assess statistical significance as
well as a minimum follow-up of at least 4 years may be required to assess
treatment-related toxicities more accurately [1].

It is well known that other patient factors such as a history of diabetes,
androgen deprivation, prior transurethral resection of the prostate, history of
urinary obstruction, and age have an impact on morbidity [2, 3]. Anterior rectal
wall dose is an important factor. Smit et al. [4] reported an actuarial 2-year
incidence of moderate to severe proctitis of 20% for anterior rectal doses between
70 and 75 Gy, with a sharply increased incidence to 60% when doses greater
than 75 Gy were delivered to the anterior rectal wall. A combination of dose
escalation, planning target volume restriction, innovative imaging and beam
treatment setup studies with limited fields have been published reporting im-
proved outcome as far as local control and morbidity are concerned [5–8]. Fur-
ther studies also need to be carried out, assessing patient perspectives on quality
of life and definitive radiationtherapy for prostate carcinoma [9–11]. Maturation
and analysis of the prostate trial data of the Radiation Therapy Oncology Group
will provide greater insight into many yet fully unanswered questions.

Conclusion

The present trend in treating prostate involves conformal local fields to
doses greater than 70 Gy. This study showed no significant difference between
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2D and 3D radiation treatment planning and delivery when evaluating acute
and long-term morbidity rates. The treatment of whole pelvis to 50 Gy as
part of a 2D prostate radiation treatment course delivering 70 Gy to the
prostate can safely be accomplished without sacrificing the benefits of a 3D
treatment plan when proper patient positioning, anatomical delineations and
clinical management are utilized.
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Dose Escalation with External-Beam
Radiotherapy for Prostate Cancer
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Over the past decade, there has been a revolution in treatment planning
and dose delivery for external-beam radiotherapy. This revolution has resulted
from the development of three-dimensional conformal radiotherapy tech-
niques. Features of these techniques include the creation of three-dimensional
dose distributions based on three-dimensional data sets, such as computed
tomography (CT) scan data [1]. Requirements for successful three-dimensional
treatment planning and dose delivery include tools for beam’s eye view aperture
design, dose calculation algorithms that facilitate full-dose coverage of target
structures, and the ability to perform treatment in axial and nonaxial planes
[2]. In addition, dose-volume histogram analysis has become a crucial planning
tool when comparing alternate treatment strategies and beam arrangements
[3]. The ability of planning systems to calculate normal tissue complication
probabilities using normal tissue histogram analysis tools is likely to further
refine external beam treatment, but is beyond the scope of this chapter.

These features, and others, of modern external-beam dose delivery, have
allowed a dramatic escalation in treatment doses without corresponding in-
creases in morbidity. Naturally, it is of general interest to determine whether
the application of higher doses of radiation therapy results in better long-
term outcomes. The purpose of this chapter is to review current data with
respect to the benefit of higher doses of radiation therapy on clinical outcome
for prostate cancer treatment.

Historical Data

There are several important publications that set the stage for modern
data. First, a patterns of care study of radiation therapy in the United States



[4, 5] revealed that when standard radiation therapy techniques were used and
the potential benefit of higher-dose therapy was examined, no advantage was
was seen for doses greater than 70 Gy. In fact, when these nonconformal data
were analyzed, an increase in complications was seen without any clinical
benefit.

The University of Michigan published an external-beam photon study,
the first published prostate dose escalation study, in 1992 [6]. These data
revealed that it was feasible to deliver external-beam radiation therapy doses
as high as 80 Gy using the, then developing, conformal radiation therapy
techniques. These early data were obtained from a phase I study of patients
with locally advanced disease. A 6-field axial technique with customized,
beam’s-eye-view derived therapy apertures was used [7]. These results were
reported as encouraging and served as an impetus to develop other high-dose,
external-beam photon studies.

A landmark clinical trial was performed by Massachusetts General Hos-
pital utilizing the dosimetric advantages of proton beams to assess the benefit
of higher doses of radiation therapy [8]. After a phase I/II study was performed,
a phase III study was initiated that compared a 75.6 cobalt-gray equivalent
(CGE) dose arm, which used a conformal, perineal proton boost, to a photon-
only treatment arm of 67.2 Gy. Approximately 100 patients were treated to
each of the two doses. Although there were no significant differences in overall
survival, disease-specific survival, or local control between the two arms, it is
interesting to note that patients with a higher grade of prostate cancer, called
‘poorly differentiated’ in their study, were found to have a lower positive
rebiopsy rate and an improvement in local control that was dramatically better:
64 vs. 19%, p>0.0014.

Current Data

There is accumulating evidence that validates applying higher doses of
external-beam therapy to patients with prostate cancer. The currently available
data are primarily restricted to biochemical control as an endpoint. In addition,
these reports indicate that higher doses can be delivered with acceptable mor-
bidity.

MD Anderson Hospital performed a review of nearly 1,000 patients
treated consecutively between 1987 and 1995 [9]. Patients received doses as
low as 60 Gy and as high as 78 Gy. Patients were analyzed by dividing them
into three dose groups, less than or equal to 67 Gy, 67–77 Gy, and greater
than 77 Gy. Freedom from biochemical recurrence rates was dramatically
different for the different doses employed. At 3 years, the actuarial freedom

159Dose Escalation with External-Beam Radiotherapy for Prostate Cancer



from failure was 61% for the lowest doses, 74% for the intermediate dose, and
96% for the highest dose group. The benefit in dose escalation was most
dramatic for the Gleason 8–10 patients.

Fox Chase Cancer Center in Philadelphia, Pa., has also reviewed their
dose-response data for biochemical freedom from recurrence among patients
treated with conformal radiation therapy. Hanks et al. [10] have analyzed their
dose-response data and created sigmoid-shaped dose-response curves that
indicate a reduction in biochemical relapse for patients treated with higher
doses, although this effect was reduced for those with relatively low PSA [10].
The authors also noted an increased number of complications for higher doses;
however, the complication rate was clearly acceptable in their hands. The
authors’ statistical model indicated that for each 1-Gy increase in dose, the
hazard of biochemical relapse decreased by 8%.

Memorial-Sloan Kettering Cancer Center has also performed a prospec-
tive dose-escalation study [11]. Zelefsky et al. examined doses up to 81 Gy.
In their study, the authors reported several pieces of evidence that support
the hypothesis that higher doses of radiation therapy result in improved out-
come. First, they noted that the probability of achieving a posttherapeutic
PSA nadir =1 was increased for those patients who received 75.6–81 Gy vs.
70.2 Gy or 64.8 Gy, p=0.001. Second, PSA relapse-free survival was statisti-
cally improved for the high-dose group vs. the lower-dose group for those
patients who were at intermediate risk or unfavorable risk. Those with favorable
disease were found to have no benefit from higher doses. Positive biopsies
were observed in only 1 of 15 patients who received 81 Gy vs. 12 of 25 after
75.6 Gy, 19 of 42 after 70.2 Gy, and 13 of 23 after 64.8 Gy (p=0.05). These
data provide additional support for the beneficial effects of dose escalation.
The prognostic scheme used in this study to divide patients into favorable,
intermediate, and unfavorable risk groups was as follows: favorable patients
had stage T1 or T2, and pretreatment PSA p10, and a Gleason score p6.
Intermediate prognosis patients had one of those indicators with a higher
value, and unfavorable prognosis patients had two or more of those indicators
with higher values.

As mentioned previously, for example, in the MD Anderson report, and
in the Massachusetts General Hospital proton study, there appeared to be an
increased benefit of dose escalation for patients with high-grade disease. This
hypothesis was further evaluated by a collaborative effort from the University
of Michigan, Fox Chase Cancer Center, and the University of California-San
Francisco [12]. One hundred eighty-six patients from these three institutions
were combined into one data set. Putative prognostic factors were evaluated
for their ability to predict freedom from biochemical relapse. Both radiation
dose and PSA value were significant for predicting PSA failure in a multivariate
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analysis. In a subset of patients with only high-grade disease, higher doses
were statistically significant in multivariate analysis predicting PSA control.

In summary, current data indicate that higher doses of external beam
radiotherapy are associated with an improvement in short-term endpoints
such as biochemical freedom from relapse, especially in patients with high-
grade neoplasms. In addition, it has been reported that these higher doses can
be delivered tolerably.

Future Directions

The Radiation Therapy Oncology Group (RTOG) is currently completing
a phase I dose escalation study using conformal therapy [13]. This study was
initiated in 1994 and has accrued over 1,000 patients. The highest dose bin
that has been completed is the 79.2 Gy, given in 1.8-Gy fractions. When this
dose bin had been completed, the RTOG decided to increase the dose per
fraction to 2 Gy per day, in oder to continue to escalate to higher dose but
to avoid extremely protected courses of therapy, and opened a 74-Gy arm.
This dose level is rapidly reaching its accrual goals, and it is expected that a
2-Gy per day, total dose 78 Gy, arm will open soon. The RTOG expects to
initiate a large randomized study of different doses with overall survival as a
primary endpoint, rather than biochemical endpoints only, once this phase I
study is complete. It is expected that the two arms would be 70 and 78 Gy,
but this depends upon the tolerance of the next open arm.

There are several other on-going or recently completed randomized studies
evaluating the benefit of radiation dose on prostate cancer. These include a
randomized study from the Netherlands Cancer Institute comparing 68 to 78
Gy, a recently completed study from MD Anderson comparing 70 to 78 Gy, and
a proton study comparing 70 to 78 Gy, being performed at the Massachusetts
General Hospital and Loma Linda University. These studies are designed to
measure differences in biochemical freedom from relapse, not overall survival.

In summary, nonrandomized studies strongly suggest that a beneficial
effect of higher doses of external-beam therapy can be observed using biochem-
ical control as an endpoint. This may be most striking for high-grade disease.
Based on reported data, morbidity is acceptable. Other benefits of external
beam therapy include the lack of restrictions due to previous prostate surgery
or prostate size and the fact that this therapy can be applied nearly universally
to all patients with localized prostate cancer. These benefits are important to
remember as other radiation modalities such as high dose rate brachytherapy or
the combination of external-beam therapy and brachytherapy become available
more widely.
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Fig. 1. Preradiotherapy PSA of all patients undergoing conformal-beam radiotherapy
for prostate cancer at the University of Michigan Medical Center from 1983 to 1998. Patients
presenting with PSA over 40 have become markedly less frequent.

Fig. 2. External-beam radiotherapy dose of all patients undergoing conformal-beam
radiotherapy for prostate cancer at the University of Michigan Medical Center from 1983
to 1998, demonstrating a gradual escalation in doses, especially from 1994 to 1998.

It is expected that future results of radiation for prostate cancer will be
better than those currently being reported because of a wider application of
androgen ablation, the gradual dispersion of conformal radiotherapy tech-
niques, and the application of higher doses. In addition, as the earlier detection
of prostate cancer due to the success of PSA screening results in patients
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presenting with less advanced disease that is more amenable to definitive local
therapy, cure rates are likely to markedly improve. Clearly, at the University
of Michigan there has been a decrease in the PSA, on average, of newly
diagnosed patients undergoing external beam therapy. At the same time, there
has been a gradual dose escalation that has resulted in the favorable combina-
tion of higher dose being applied to patients with earlier disease. Figures 1
and 2 show the preradiation PSA of all patients treated at the University of
Michigan Medical Center and the total radiation dose used. All of these
factors support an optimistic attitude towards future outcomes of patients
undergoing external-beam therapy for prostate cancer.

Besides these factors, there are advances being made in dose delivery
techniques. Those most notable involve various types of intensity modulation
dose delivery techniques in combination with inverse-planning strategies
[14–16]. Clearly, dose distributions can be improved with these approaches,
however, ultimate validation still awaits additional follow-up. One concern is
related to uncertainties in prostate location and prostate motion that might
be more critical as dosimetric margins become closer.
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Radiation therapy has been the mainstay of treatment for locally advanced
prostate cancer T3 and T4 stages [1, 2]. Treatment results, even the long-term
results in the pre-PSA era were relatively poor. Patients with T3 and T4 stages
had 10-year relapse rates of 56–65%. Fifteen years after irradiation, failure rates
as high as 70 and 80% were reported [3–8]. In those reports, the classification of
disease status was based on digital rectal findings and on clinical-radiographic
evaluation. It is now established that posttreatment rising PSA profile, as
an additional indicator of relapse, significantly influences the evaluation of
treatment efficacy. When posttreatment PSA is included, and patients with
rising values are scored as treatment failures, then outcome is significantly
worse than that based on clinical-radiographic parameters alone.

A successful outcome now requires that the patient has no PSA-based
evidence of relapse on long-term follow-up [9–11]. Long-term follow-up for
patients treated with external beam radiation in the PSA era is limited to less
than 10 years; thus, most single-institution series have only a small number
of treated patients with follow-ups of more than 5 years.

A rising PSA level precedes clinical failure with a lead time of years and
may never result in clinical metastases in men with a limited life span. It is,
however, justified as an endpoint because it rigorously assesses the true ability
of external radiation to cure the patient.

With regard to the results of radiotherapy, new treatment strategies were
urgently pursued to improve treatment efficacy.



Fig. 1. Hypothesis on the malignant growth of human prostate cancer.

The first includes progressive dose escalation to reach a lethal tumor dose.
This kind of therapy is the subject of the chapter by Sandler [12].

The second strategy includes peri-irradiation androgen deprivation
which results in cytoreduction, and a more favorable radiation dose-response
curve.

The aim of this overview is to summarize the available studies exploring
the use of androgen deprivation given in combination with radiotherapy for
localized prostate cancer. The main question is whether any conclusions could
be reached on the efficacy of this treatment approach and the patients most
suitable for its application.

Rationale for Combination of Hormonal Therapy with
Definitive Treatment

Whether unicellular or multicellular in origin, a clinically manifest pros-
tate cancer (fig. 1) is to a variable degree composed of clones of both

166Feldmann/Stoll/Geinitz/Zimmermann



androgen-dependent and androgen-independent cancer cells. While in this
heterogeneous tumor the androgen-independent cells have lost any respon-
siveness to androgens, in androgen-dependent cancer cells a modification or
deletion of one or more of the mechanisms, such as initiation, negative
feedback and autophagia, could lead to a continued and unlimited growth
of these androgen-dependent clones in the presence of circulating androgens
(fig. 1). If this growth is faster than the growth of the androgen-independent
cells, a relative selection of androgen-dependent cell clones may occur in
the growing tumor, that is, these clones will progressively dominate in prostate
cancer. This indeed may explain why nearly all men with both local, recurrent
or metastatic prostate cancer have an initial, often dramatic, beneficial
response to an androgen withdrawal therapy [13–19]. This response is due
to the death of the sole androgen-dependent cells. The androgen-independent
cells, however, would continue to proliferate after androgen withdrawal. Their
continuous growth eventually would lead not only to replacement of the
initial tumor loss but to an enlargement of the tumor. This indeed may
explain, that nearly all patients treated by androgen withdrawal, relapse to
an androgen-insensitive state. Thus, if prostate cancer is heterogeneously
composed of androgen-dependent and -independent cells, the ability to
cure the patient with androgen ablation alone is lost. Therefore, it would
be reasonable to combine androgen ablation therapy with a nonhormonal
treatment of prostate cancer, such as radiation therapy, at an early time
point, in order to kill tumor cells independent of their androgen status
[20–28].

The Neoadjuvant Concept

In 1969, Scott and Boyd [29] reported about combined hormonal depriva-
tion (orchiectomy or estrogen therapy) and radical prostatectomy in selected
cases with advanced prostate cancer. However, an in-depth analysis of the
neoadjuvant concept could only be performed in recent years because drugs
(LHRH and nonsteroidal antiandrogens) became available that allowed a
reversible androgen deprivation. Preoperative androgen suppression should
reduce the gland volume and facilitate radical prostatectomy, i.e. reduced
operating time and blood loss, and ultimately less operation-related morbidity.
Neoadjuvant therapy before curative radiation of the prostate should reduce
the target volume and therefore preserve the anterior rectal wall and the
bladder, which in turn should result in less radiogenic side effects in these
organs [30–34]. The most important advantage is expected in terms of a
reduction in tumor volume. Several studies about radical prostatectomy uni-
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formly showed that precise preoperative staging of local tumor extension is
practically impossible. Up to 60% of prostate carcinomas that have been
judged ‘locally confined’ with all diagnostic possibilities penetrate the prostate
capsule or reach the surgical margins [35]. Patients with positive surgical
margins are at a high risk of suffering disease progression, as shown by
several authors [36]. The expectation with neoadjuvant hormonal ablation
is to achieve tumor downstaging, resulting in a reduced number of positive
surgical margins and improved survival time in the follow-up.

Combination of Hormonal Therapy and Prostatectomy

Results of Nonrandomized Early Studies
The aim of neoadjuvant androgen deprivation is to achieve a downstaging

of a tumor that has already penetrated the prostatic capsule. Some nonran-
domized studies with relatively low patient numbers consistently showed a
reduction of prostate volume (‘downsizing’) and serum PSA levels after a 3-
month preoperative hormonal deprivation. However, the main question is
whether neoadjuvant therapy is able to decrease tumor volume and produce
pathological downstaging. Several studies showed that the effect of hormonal
downsizing is in the range of the well-known overstaging error [37–39].
Concerning the likelihood of positive surgical margins, Soloway et al. [40, 41]
described a decreased incidence of positive surgical margins from 35.3% in
42 of 119 patients with all stages of prostate cancer undergoing radical
prostatectomy alone to 11.5% in 18 of 156 patients undergoing neoadjuvant
androgen deprivation. In 83 patients with stage cT2b cancer, the rates were
46.7 and 13.2%, respectively. Oesterling et al. [38] found higher rates of
capsular penetration and positive margins in patients who had received preop-
erative hormonal deprivation therapy. Since most of the patients in their
study suffered from cT3 cancers, no conclusions could be drawn for less
extensive cancers.

Randomized Studies of Neoadjuvant Therapy and Radical Prostatectomy
First results of four large prospective randomized trials of neoadjuvant

hormone deprivation before radical prostatectomy have been published
[40, 42–44].

Patients with prostate cancer of clinical stage T2/T3 N0 M0 were treated
in these studies using different methods and time periods of neoadjuvant
therapy. In two trials, a combination of leuprolide acetate and flutamide was
used for 3 months. In the study of Goldenberg et al. [42], the patients were
pretreated with cyproterone acetate for 3 months. Van Poppel et al. [44] treated
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their patients in the neoadjuvant group with estramustine phosphate for 6
weeks. Side effects of the neoadjuvant treatment were noted in all studies.
Combined androgen blockade with leuprolide and flutamide resulted in re-
duced libido and decreased or absent erections, hot flashes, diarrhea, nausea
with or without vomiting, and abnormal liver function tests [40, 44]. The
adverse reactions of cyproterone acetate consisted mainly of fatigue, asthenia,
depression and insomnia [42], whereas the side effects of estramustine phos-
phate consisted of temporary gynecomastia, and gastrointestinal problems in
about 30% of the patients [44].

With regard to the pathological downstaging, it is interesting to note that
in patients with clinical T3 tumors no difference between the two treatment
regimens could be found with 40% pathological stage T3 in the pretreated and
nonpretreated groups, whereas in patients with a clinical T2 tumor pathological
upstaging occurred more rarely [44].

Concerning the rate of seminal vesicle infiltration, no conclusive data
could be obtained for patients undergoing hormonal pretreatment [40, 42].
Concerning positive margins, all studies uniformly show a reduction in positive
surgical margins after neoadjuvant therapy [42, 44].

The results must be interpreted with caution, because, firstly, the percent-
age of positive margins in the surgery-only group is unusually high, especially
in the study of Goldenberg et al. [42] and, secondly, androgen deprivation
causes tumor cells to undergo regressive changes that render the detection of
tumor cells outside the prostate more difficult and might result in underestima-
tion of extracapsular disease and positive surgical margins.

Long-term follow-up data from the randomized trials are necessary for
defining the benefit of neoadjuvant therapy [45]. Five-year follow-up data
are to be reported in about 3 years. However, preliminary data from two
of the randomized studies did not show any difference in the rate of PSA
progression after 2 years with and without neoadjuvant therapy [41, 46].
Recently, similiar results have been reported in two other randomized studies
with a follow-up of more than 3 years. In both studies, there was no difference
in the rate of PSA progression and time to PSA progression with and
without neoadjuvant therapy [47, 48]. Therefore, these data suggest that
neoadjuvant therapy for 3 months does not reduce the biochemical failure
rate after radical prostatectomy. A recent prospective nonrandomized trial
with 135 patients showed that after 3 months of therapy the PSA nadir was
reached in only 28% of the patients, but in 88% after 8 months [47]. The
positive margin rate after prostatectomy was only 6% after a mean follow-
up period of 2 years for the neoadjuvant groups. A phase III trial has been
initiated recently to evaluate the possible benefit of longer neoadjuvant
therapy.
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Combination of Hormonal Therapy and Radiation Therapy

Results of Nonrandomized Studies
Within the last 5 years, a total of 7 retrospective studies have become

available that reported treatment results combining various forms of hormonal
manipulation with radiotherapy (table 1).

Anderson et al. [49] and Zagars et al. [50] retrospectively reviewed their
experience with hormonal manipulation in patients with unfavourable disease
(T2c/T3, Gleason score 7–10, PSA?15 ng/ml or PSA?20 ng/ml, PSA?10p20
ng/mlwithGleasonscore?7orpositivepelvic lymphnodes).Biochemical failure
was dramatically reduced at 5 years in patients receiving hormonal manipulation
and radiotherapy vs. radiotherapy alone. Crook et al. [51] compared bio- psy
results following radiotherapy in 226 patients. 42% of patients had hormonal
treatment before radiotherapy. Negative biospy rates at 18 months were signifi-
cantly lower for patients who did not receive hormones compared to those who
received them for more than 4 months. In addition, Zelefsky et al. [52] recently
published their experience with the use of complete androgen deprivation (CAD)
inpatients treatedwiththree-dimensionalconformalradiotherapy.The incidence
of positive biopsies among patients pretreated with androgen ablation was sig-
nificantly lower than for those who did not receive CAD. The 5-year PSA relapse-
free survival, incidence of distant metastases, progression-free survival and over-
all survival were not significantly different between both treatment groups.

Pollack et al. [53] showed that in high-risk patients (PSA ?30 ng/ml, or
poorly differentiated histology with PSA?10 ng/ml) who underwent a variety of
hormonal manipulations with radiotherapy experienced significantly improved
local relapse- and disease-free survival and biochemical control rates. In addition,
Duchesne et al. [54] showed that intermediate-risk patients (PSA ?25 ng/ml,
Gleason score 2–4) had superior disease-free survival, if given initial hormonal
therapy.Incontrast, intheretrospectivestudyofArcangelietal. [55],nodifference
in local or distant failure or disease-specific survival was evident. In this study,
early androgen deprivation was given 0–9 months before radiotherapy and con-
tinued for 2 or more years. Surprisingly, a statistically significant difference in
overall survival in favour of patients treated with radiation alone was noted.

Randomized Trials
A total of four prospective randomized trials was published that compared

radiotherapy alone or in combination with androgen deprivation. Two of the
studies compared the use of CAD prior to and during radiotherapy [56, 57].
In the RTOG 86-10 trial, patients treated with CAD and radiotherapy showed
statistically significant improvements in local control and time to PSA failure
compared with radiotherapy alone. No difference in survival was noted, how-
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ever. In the Canadian trial, patients treated with radiotherapy alone showed sig-
nificantly higher positive biopsies at 12 and 24 months compared to those treated
with radiotherapy and CAD. Median PSA levels at 12 and 24 months also signifi-
cantly favoured patients who received CAD. No survival analyses were presented.

Two additional studies compared radiotherapy alone versus the same ther-
apy with androgen deprivation started during radiotherapy and continued for
extendedperiodsof time[58,59]. InRTOG85-31,patientsreceivingZoladexuntil
progression experienced statistically significant improvements in local control,
disease-free survival, PSA failure, and distant metastases rates [59]. Only in a
subset of patients with a Gleason score of 8–10 overall survival was improved.
In the EORTC trial, patients received either CAD beginning during the first week
of radiotherapy and continuing for 3 years or radiotherapy alone [58]. The overall
survival at 5 years in the combined treatment group was 79% as compared with
62% in the radiotherapy group (p>0.001). Among the patients who survived for
5 years, the disease-free rate was 85% in the combined treatment group and 48%
in theradiotherapy group.78 patients haddisease progression in the radiotherapy
group, as compared with 20 in the combined treatment group. The 5-year local
control rate was 97% in the combined treatment group and 77% in the radiother-
apy group. Actuarial data on cancer specific survival were not given, however.

Discussion and Conclusions

The published literature was reviewed to evaluate the impact of androgen
withdrawal in combination with radiotherapy on the treatment of localized
prostate cancer because cellular and molecular investigations indicate that
there exist additive or supra-additive effects when combining androgen depriva-
tion and radiotherapy.

Although there are major differences in study designs, pretreatment prog-
nostic factors, type and duration of hormonal manipulation, total radiation
doses and techniques, the addition of hormonal therapy resulted in significant
improvements in various interim measures of local/biochemical control and
disease-free survival. However, only two prospective studies showed a statisti-
cally significant improvement in overall survival.

In general, there are methodological problems in the reported studies.
The first is associated with defining an appropriate endpoint that reflects
treatment efficacy. Multiple time-dependent criteria were used to evaluate
outcome. Horwitz et al. [60] showed that statistically significant differences in
outcome can be observed when using such time-dependent criteria.

Furthermore, the impact of androgen withdrawal on outcome can be
attributed to the imbalance of prognostic factors. Therefore, there is a need
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Table 2. Ongoing phase II–III studies

Study Type Stage RT dose Treatment
(Gy)

RTOG 94-08 phase III =T2c and 65–70 neoadjuvant hormonal therapy+RT vs. RT
PSA =20 alone in early stage disease

RTOG 94-13 phase III T2c-4 65–70 timing of hormonal therapy and the role of
whole pelvic RT

RTO1 MRC phase III T1b–T3a 64 or 74 RT (64 Gy) vs. RT (74 Gy)+neoadjuvant
hormonal therapy (4 months)

EORTC 22991 phase III T1b–T2b 70–77.2 RT+adjuvant hormonal therapy (6 months)
vs. RT alone

Munich, Tübingen, phase II T1b–T3b 70–74 neoadjuvant hormonal therapy (6 months)
Vienna +RT

RT>Radiotherapy.

for prestratifying patients according to the two most important prognostic
factors (PSA and Gleason score). Finally, the timing, duration and combina-
tion of androgen withdrawal with radiotherapy remains an unresolved topic.

In conclusion, a lot of time-dependent early responses using androgen
deprivation in the treatment of locally advanced prostate cancer have been
uniformly improved, which suggests a potential for improved cure rates in a
longer follow-up. Therefore, it is justified to treat patients with locally advanced
prostate cancer with hormonal deprivation and radiotherapy according to the
schedules of the published trials (4–6 months before and during radiotherapy).

To evaluate the true impact of androgen withdrawal and radiotherapy on
overall or cause-specific survival, patients should be treated in recently initiated
and ongoing trials (table 2) that address this question [8, 61].
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Radiation therapy is an effective treatment of prostate cancer. Since
local control improves with increasing tumor dose [1], many centers are
involved in dose escalation studies for prostate cancer [2–5]. With modern
conformal radiation therapy, dose escalation seems to be feasible without
a significant increase in toxicity [2, 3, 5, 6]. Nevertheless, the rectum remains
the dose-limiting organ: a mostly moderate rectal bleeding occurs in 6–40%
of the treated patients, and its frequency depends on the applied dose and
the irradiated volume [2, 6–11]. Dose-volume histograms (DVHs) of the
organs at risk, as an integral part of three-dimensional treatment planning,
seem to be valuable in predicting the risk of late radiation side effects.
They offer the chance of adapting the treatment concept before initiating
radiation therapy and thus help avoid major late side effects. This be-
comes particularly important when the dose to target volume is further
escalated.

The purpose of this paper is to discuss the value of rectal DVHs in
predicting rectal bleeding after conformal radiotherapy of prostate cancer.
Our own data on the influence of rectal contouring on the association of DVH
parameters with rectal bleeding are presented.



Studies on the Value of Rectal Dose-Volume Histogram Parameters
to Predict Rectal Bleeding

Hartford et al. [8] studied 41 patients who were treated with a combination
of photons (50.4 Gy to the pelvis) and protons (25.2 Gy to the prostate and
seminal vesicles) to a total dose of 75.6 cobalt gray equivalents (CGE). Follow-
up was at least 4 years. The anterior rectal wall was contoured extending from
the anus to 2 cm above the prostate. The significance of certain dose-volume
combinations (e.g. 70 CGE to 60% of the anterior rectal wall) was tested to
predict rectal bleeding. 10 of 128 tested dose-volume combinations proved to
discriminate statistically significantly between 14 patients with and 27 patients
without rectal bleeding.

Boersma et al. [2] subjected 130 patients with localized prostate carcinoma
to conformal radiotherapy with photons according to the ‘simultaneous boost
technique’. The pelvis was treated simultaneously with the planning target
volume (PTV), but received only 64% of the dose through partial-transmission
shielding blocks. Dose to the PTV was 70–78 Gy. DVHs of the whole rectal
wall were generated, extending from 1.5 cm below the prostate to the start of
the sigmoid colon. Minimum follow-up was 10 months. Four dose-volume
combinations were identified that could distinguish statistically significantly
between 4 patients with severe rectal bleeding (requiring laser treatment or
blood transfusion) and 126 patients without severe rectal bleeding. If the data
in this study were analyzed according to the methods used in the work of
Hartford et al. [8], no significant dose-volume combinations could be found.
Furthermore, there was no significant correlation between any of the dose-
volume parameters and the incidence of actuarial late gastrointestinal com-
plicationsqgrade II.

Dale et al. [12] applied the Lyman-Kutcher model to the DVHs of the
whole rectum and the rectal wall (length 75–80 mm) of 52 patients treated
conformally for prostate cancer. The estimated probabilities for normal tissue
complications correlated significantly with the score of a 6-item questionnaire
addressing late rectal toxicity including rectal bleeding. Mean dose to the PTV
(prostate, seminal vesicles and a 2-cm safety margin) was 66 Gy applied by a
four-field box technique.

Jackson et al. [9] presented an abstract with the data of 132 patients
treated conformally for prostate cancer. Minimum target doses were 70.2 Gy
(n>46) or 75.6 Gy (n>86) applied using a 6-field coplanar technique. The
most significant variables associated with bleeding (35 of 132 patients) were
the percent volume of the rectal wall that received more than 50% of the
prescription dose and the total rectal wall volume. The exact definition of the
cranio-caudal extension of the contoured rectal wall was not stated.
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Factors Influencing the Predictive Value of Rectal Dose-Volume
Histogram Parameters

The data published in the literature demonstrate that there is an associ-
ation of rectal DVH parameters and rectal bleeding after conformal therapy
of prostate cancer. Nevertheless, the fact that the cut-off values of one study
population are not transposable to another population [2, 8] indicates that
there are difficulties and uncertainties in generating and interpreting rectal
DVHs. They are discussed in the following section.

Contouring
Before creating a DVH, the organ at risk has to be delineated. The organ

contour may vary among different observers (interobserver variability) and
even for the same observer if the same organ is redrawn after a certain time
interval. For the prostate and seminal vesicles, Fiorino et al. [13] found an
interobserver variability of up to 18% when the organs were contoured by 5
different physicians. Lebesque et al. [14] reported a drawing accuracy of 3%
for the outer rectum contour (‘whole rectum’) and of 7% for the rectal wall
when the structures were redrawn by the same physician. Moreover, the volume
calculations differ substantially when various treatment planning systems are
used: Fellner et al. [15] reported that the calculated volume of a cylindrical
phantom could be 31% smaller or 15% larger than the true volume depending
on what kind of planning system was used.

Organ Structures, Cranio-Caudal Borders
So far, there is no consensus in the literature on what rectal structures

should be delineated when creating a rectal DVH: the whole rectum [12, 14,
16, 17], the rectal wall [2, 9, 12, 14], the anterior rectal wall [8], or the rectal
surface [18] are mentioned. Besides, the cranio-caudal extension of the organ
varies among work groups, predominantly because it is difficult to define
the cranial border in CT scans. Hence, the caudal and especially the cranial
rectal borders are chosen more or less arbitrarily. They are either set in
relation to the anatomy of the intestine (i.e. anus to horizontal course of
the rectum) and/or in relation to the extension of the prostate (i.e. anus to
2 cm above the upper border of the prostate) and/or in relation to the
treatment portals [2, 8, 16, 19, 20]. In a first evaluation, we analyzed 12 of
our patients who had definitive conformal irradiation, for prostate cancer.
The rectum was outlined using four different cranio-caudal borders for each
patient. Depending on how the rectal borders were defined, the percent
rectal volume that received at least 90% of the prescribed dose varied by as
much as 63% [21].
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Organ Movement and Set-Up Deviations
Changes in the filling of the rectum and the bladder can lead to internal

organ movement of the rectum [14, 19, 22]. Melian et al. [19] evaluated the
organ shift in 6 patients with prostate cancer by performing 3 additional CT
scans during radiation therapy [19]. They observed differences in the rectal
wall dose of up to 32% as compared to the initial value from the first planning
CT scan. Lebesque et al. [14] observed a trend to a declining rectal filling in
11 patients with prostate cancer during the course of therapy. The rectal
volume in the planning CT scan that received at least 80% of the prescribed
dose was on the average 14% higher than the values obtained from the CT
scans on weeks 2, 4 and 6. If the rectal wall was contoured instead of the
whole rectum, the difference was only 5%. In addition to organ movement,
set-up deviations contribute to changes in rectum position in relation to the
treatment portals.

Consequently, the DVH data on the basis of just one planing CT scan
before therapy do not necessarily reflect the true dose distribution in the
rectum during fractionated therapy that lasts up to more than 7 weeks.

Comorbidity
The dose to the rectum and the irradiated volume are possibly not the

only factors responsible for late rectal toxicity. Concomitant diseases, such as
cardiovascular disease or diabetes mellitus, are likely to influence the frequency
and the onset of late radiation toxicity [23–27]. Furthermore, individual radi-
ation sensitivity may play a more or less extensive role in the occurrence of
late radiation side effects.

With regard to all these confounding factors, not all patients with a high
risk of late rectal complications are likely to be detected on the basis of DVH
parameters alone.

Dose-Volume Histogram Parameters and Rectal Bleeding:
Munich Data

To obtain further insight into the influence of contouring on the associ-
ation between DVH parameters and rectal bleeding, we analyzed 20 of our
patients who were treated with definitive conformal radiotherapy for prostate
cancer.

Patients
In patients who had definitive conformal irradiation for prostate cancer at our institu-

tion, the frequency of clinically apparent rectal bleeding was 19% (37 of 195 patients with

180Geinitz et al.



a minimum follow-up of 12 months). In most cases, bleeding was minor, not requiring any
major therapy and not disturbing the patients’ quality of daily life. Twenty patients who all
had been prescribed the same dose to the prostate and seminal vesicles were retrospectively
analyzed: 10 patients (group 1) with moderate (grade II) rectal bleeding and 10 patients
(group 2) without rectal bleeding or any other kind of late rectal toxicity. Follow-up in the
group without rectal bleeding was at least 30 months. Median follow-up of all 20 patients
was 37 months (23–50 months). Eight patients in group 1 and 9 patients in group 2 received
short-term neoadjuvant hormonal therapy. Age and concomitant disease were well balanced
in both groups: median age was 74.5 years (67–78 years) in group 1 and 72 years (61–75
years) in group 2. The frequency of cardiovascular disease was 5/10 in group 1 and 6/10 in
group 2. One patient in group 1 and no patient in group 2 suffered from diabetes mellitus.

In group 2, bleeding occurred 3–26 months (median 7 months) after the end of radiation
therapy. Bleeding lasted between 1 and 40 months. Seven patients had persistent rectal
bleeding on the day of their last follow-up. None of the patients required transfusions or
laser coagulation. Rectoscopy or coloscopy was performed in all of the patients in group 1
after rectal bleeding had started. It typically revealed contact-sensitive telangiectases in the
distal rectum. Other reasons for rectal bleeding were excluded.

Radiation Technique
All the patients received a dose of 50 Gy to the prostate and seminal vesicles (plan 1),

and an additional boost of 20 Gy to the prostate alone (plan 2). Fractionation was 2 Gy
daily, 5 times per week. Median overall treatment time was 51 days (48–65 days). The dose
was prescribed according to the ICRU 50 guidelines. The prostate and seminal vesicles were
treated with a 4-field box technique (ap, pa, and lat-lat) in all patients. The boost was
delivered either with the same box technique (6 patients, 3 in each group) or via 4 oblique
noncoplanar fields (gantry angles of 70º, 100º, 260º and 290º; 9 patients). Five patients were
treated with the latter boost technique, but with slightly modified gantry angles. The safety
margins between the clinical target volume (e.g. the prostate) and the planning target volume
were 1.2 cm in the dorsal and 1.5 cm in all other directions during the first 50 Gy, and they
were 1 and 1.2 cm, respectively, during boost irradiation. Planning and dose calculation were
done with a Helax planing system using the TMS software.

Plan 1 and plan 2 were combined to a single plan for each patient, the DVHs of the
rectum were then calculated for the combined plan.

Dose-Volume Histograms
CT scans of the pelvis were taken in 5-mm slice thickness and 5-mm intervals. In each

CT slice, the outer contour of the rectum (‘whole rectum’), the total rectal wall, the anterior
rectal wall and the posterior rectal wall were delineated by one of the authors. Due to
limitations of the TMS software, a little unmarked area was left when contouring the rectal
wall [12]. We then generated 4 DVHs using 4 different sets of lower and upper rectal borders
for each of the contoured organs at risk (i.e. for the whole rectum, the rectal wall, the anterior
rectal wall, and the posterior rectal wall): border set 1 extended from the anus to the lower
border of the sigmoid colon (the lower border of the sigmoid colon was defined as the point
where the colon turned horizontally). Border set 2 extended from the anus to the plane
between the upper border of both acetabula. Border set 3 extended from the anus to 2 cm
above the upper prostate border, and border set 4 extended from 1.5 cm below the prostate
apex to the sigmoid colon. The matrix for dose calculation was: 281¶281 to 2,000¶2,000
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Fig. 1. Box plot graphs of absolute volume fractions of the anterior rectal wall, that
received at least 80% of the reference dose (aV80), for bleeding and nonbleeding patients
(border set 4). The median value (horizontal line within the ‘box’), the 50% confidence
interval (the ‘box’), the 95% confidence intervals (the ‘whiskers’) and the range (circles or
end of the ‘whiskers’) are demonstrated.

calculation points for the whole rectum, 97¶97 to 400¶400 calculation points for the total
rectal wall, 47¶47 to 228¶228 calculation points for the anterior rectal wall and 55¶55
to 198¶198 calculation points for the posterior rectal wall.

Additionally, we analyzed rectal DVHs previously created by various radiation oncolo-
gists during the original planning of the patients. The physicians had contoured the whole
rectum without a strictly defined caudal or cranial rectal border. Thus 340 DVHs were
investigated in total (17 per patient). For each DVH, we compared the percent (V50, V80,
V95) and the absolute (aV50, aV80, aV95) volume fractions that received more than 50, 80
and 95% of the reference dose, respectively.

Statistics
Variables were tested for differences in distribution between bleeding and nonbleeding

patients applying the nonparametric Mann-Whitney test. Values below 5% were considered
to be significant.

Results
Age, size of the PTV of plans 1 and 2, the prostate volume and the

combined volume of the prostate and seminal vesicles revealed no differences
in distribution between bleeding and nonbleeding patients.

Bleeding patients had significantly higher absolute volume fractions
(aV50, aV80 and aV95) for all rectal border sets when the whole rectum or
the anterior rectal wall were contoured (p between =0.001 and 0.035). The
aV80 of the anterior rectal wall reached the lowest p value (p=0.001 for
border set 2, border set 3 and border set 4, p>0.002 for border set 1, fig. 1).
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There was also a good association with bleeding for the aV50 and the aV80
of the whole rectum for all rectal border sets (p between 0.002 and 0.009).
Furthermore, the aV50 and aV80 of the whole rectum contoured by different
physicians during the original planning procedure were highly significant
(p>0.007 and p>0.005, respectively).

When the whole rectal wall was contoured, the aV50 and aV80 were
significantly associated with bleeding for all rectal border sets (p between 0.002
and 0.035), whereas the aV95 showed significance only with border set 4.
None of the volume fractions of the posterior rectal wall were associated with
rectal bleeding.

The percent volume fractions V50, V80 and V95 showed no significant
differences in distribution between bleeding and nonbleeding patients for all
contoured parts of the rectum.

There was no cut-off value of any of the DVH parameters that could
separate 100% between bleeding and nonbleeding patients. For each applied
organ at risk and each border set there is considerable overlap between bleeding
patients and nonbleeding patients.

When the whole rectum was contoured, a V80 values of more than
32 cm3 appeared exclusively in patients with rectal bleeding (6 of 10 patients),
regardless of how the cranial and caudal rectal borders were defined.

Discussion
The data indicate that the association between rectal DVH parameters

and rectal bleeding depends on how the rectum is contoured in the planning
CT scans. Primarily, it seems to be of importance what structures are delineated
in the scan: the whole rectum, the total rectal wall, the anterior rectal wall or
the posterior rectal wall. In our group of patients, the association between
DVH parameters and rectal bleeding is stronger when the anterior rectal wall
or the whole rectum are contoured than when the total rectal wall or the
posterior rectal wall are delineated. In fact, none of the DVH parameters of
the posterior rectal wall correlated with rectal bleeding.

Secondly, the definition of the cranial and caudal borders influences the
association with bleeding, although not as much as the delineation of different
organ structures. In this study group, the association between DVH parameters
of border sets 3 and 4 and rectal bleeding is little stronger than with the other
border sets.

There was no cutoff value that could separate bleeding and nonbleeding
patients with 100% certainty. A very good separation was achievable by apply-
ing a value of 10 cm3 for the aV80 of the anterior rectal wall: 10/10 patients
with rectal bleeding had higher values whereas only 1 of 10 patients without
rectal bleeding had an aV80 above 10 cm3 (border set 2–4).
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Conclusions

Rectal DVHs seem to be a promising tool in predicting late rectal bleeding
after conformal radiotherapy for prostate cancer. Nevertheless, there are some
uncertainties in creating and interpreting rectal DVHs. Apart from organ
movement, setup deviations and comorbidity, different modes of contouring
appear to bias the association between DVH parameters and rectal bleeding.

Since almost all groups utilize different definitions of the cranial and
caudal rectal borders and since it is not yet clear whether it is best to delineate
the whole rectum, the total rectal wall or the anterior rectal wall, it appears
to be important for every center to define its own cutoff values. A standard
protocol in rectal contouring would facilitate the transposition of cutoff values
from one study group to another.
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Strássmann, G. 116
Stuschke, M. 71

Trott, K.R. 8

Vogt, H.-G. 116
von Birgelen, C. 49

Wannenmacher, M. 123
Weber, W. 97
Wiegel, T. 145
Wu, Q. 40
Wündrich, M. 123

Zamboglou, N. 59, 116
Zimmermann, F.B. 165,

177
Zips, D. 80

186



............................
Subject Index

Atrophy, chronic radiation injury 12–14 linac-based radiosurgery, overview of
outcomes 131, 132

prognostic factorsBrachytherapy, see also Intravascular
brachytherapy dose 134, 135

histology 138, 139glioma
interstitial high dose rate brachytherapy location 140

necrosis 139computed tomography-guided
implantation 116, 117, 120 number of metastases 132, 133

performance status 136, 137dosing 117
patient selection 117 primary or recurrent lesions 139, 140

systemic disease activity 137, 142survival 117, 119, 121
low dose rate brachytherapy 116 time from diagnosis of primary tumor

to metastasis diagnosis 141, 142imaging modalities 59
treatment planning tumor volume and size 135, 136

whole-brain radiation combinationautoactivation of source dwell
positions 65, 67, 68 therapy 140–142

rationale 131catheter reconstruction 59, 60
computed tomography-based catheter whole-brain radiation therapy 130

reconstruction
accuracy 59, 61, 63 Clinical phases, cancer 1

Computed tomography, see also Treatmentalgorithms 61, 63
digitally reconstructed radiographs for planning

catheter reconstruction for brachytherapycatheter reconstruction 63–65
dose optimization 60 accuracy 59, 61, 63

algorithms 61, 63time analysis for components of
planning procedure 60, 61 glioma

guided implantation for interstitial highBrain metastases
diagnostic imaging 130 dose rate brachytherapy 116, 117, 120

treatment planning 97prognosis 130
radiosurgery non-small-cell lung cancer clinical target

volume 91, 92, 94gamma knife, overview of outcomes
130, 131 Cost benefit, radiotherapy 6

187



Cure patient selection 107, 108
prognostic factor analysis 110definition in cancer 2

local control 3 surgery and pathology 109, 110
survival 109trends in cancer 6
tolerance 109
treatment planning 108Denudation, radiation response 11

Dose-volume histogram, rectal bleeding Joint Center of Radiation Therapy
Study 112, 113estimation, see Prostate cancer

lower-grade gliomas 113, 114
rationale 106, 107Epidermal growth factor receptor

inhibitors for use with radiotherapy 23 University of Michigan Study
112, 113radiation-induced phosphorylation

19, 22 University of Tokyo Study 112
prognosis 106, 110, 116radiosensitivity of tumors

effects of ligand 21, 22 recurrence sites 106
treatment planningeffects of tumor expression 20, 21, 23

signal transduction computed tomography 97
magnetic resonance imaging 97overview 17–19

radiation effects 22, 23 positron emission tomography
fluorodeoxyglucose tracer 98, 103tumor expression 19, 20

Erythema, radiation response 10, 11 methionine tracer 99, 103
single-photon emission tomography

using a-methyl-tyrosineFibrosis, chronic radiation injury 14
Fixation systems comparison with magnetic resonance

imaging 99–103fractionated treatments 27
single-dose irradiation 26, 27 metabolism of tracer 99

Frame, see Fixation systems
Hormonal ablation, see Prostate cancer

Glioma
brachytherapy Intensity-modulated radiotherapy

advances 36, 37interstitial high dose rate brachytherapy
computed tomography-guided beam boundary sharpening 40

brain tumor studyimplantation 116, 117, 120
dosing 117 convex ependymoma of posterior

fossa 44–46patient selection 117
survival 117, 119, 121 intensity distribution optimization

42low dose rate brachytherapy 116
dose escalation studies recurrent metastasis from lung at two

foci 46–48grade 2 and 3 gliomas
survival 111 treatment planning 41, 42

homogeneity of dose distributionstreatment 111
grade 4/4 gliomas 40

multi-leaf collimators 36, 37, 41accelerated fractionation
scheme 107, 108 Intravascular brachytherapy

depth dose distribution 54, 55follow-up 108, 109
imaging change analysis 110 positioning 53

radiation sources 51, 53necrosis outcomes 110, 111, 113

188Subject Index



restenosis inhibition hyperfractionation 81, 82
radiobiological basis 81, 82processes contributing to restenosis

49, 50 planning target volume, factors
influencing 93rationale 49

trials 49 radiotherapy combined with
chemotherapytreatment planning

intravascular ultrasound 51, 54, 56 cisplatin regimens 72, 73
dosing 72plastic-scintillator dosimetry 51–54, 56

structures at risk 51 local control 72
metastasis prevention 72, 73target volume 51
neoadjuvant radiochemotherapy and

resectionLocal tumor control
conformal radiotherapy 5, 6 dosing 75, 76

local control 76definition 3
metastasis following recurrence 3 pathologic complete remissions

74, 75natural history of cancer 1
non-small-cell cancer 89 survival 76

pneumonitis risks 73, 74organ-saving treatments 5
radiation dose-dependence 3, 4 survival 73

taxane regimens 73, 74relative survival rates 2
timing of radiotherapy 4, 5 target volumes 71

Lung cancer
clinical target volume Magnetic resonance imaging, see also

Treatment planningcomputed tomography 91, 92, 94
definition 90, 94 glioma treatment planning 97

non-small-cell lung cancer clinical targetelective nodal irradiation 90, 91
magnetic resonance imaging 92 volume 92

Meningiomamediastinoscopy for lymph node
staging 92 features 123

fractionated stereotactic radiotherapypositron emission tomography with
fluorodeoxyglucose 93, 94 evaluation of response 125

histological diagnosis importancepotential lymphatic drainage 91, 92
three-dimensional conformal 127, 128

irradiation technique 124radiotherapy 93, 94
conventional fractionated radiotherapy late toxicity 126, 127

patient selection 124efficacy 71, 80, 81, 89
local failure rates and metastasis 89 rationale 123, 124

survival 126, 127lymph node involvement 90, 91
modified fractionation for non-small-cell treatment planning 124

surgical resectional 123cancer
accelerated fractionation 81, 83, 84 Mortality, local tumor vs metastasis 2

Multi-leaf collimatoraccelerated hyperfractionation
82–84 field sizes and types 34

intensity-modulated radiotherapyconformal radiation techniques 85
Continuous Hyperfractionated 36, 37, 41

linac-implemented collimators 35, 36Accelerated Radiotherapy-Bronchus
Trial 83–85, 90 micro-collimators 36

189Subject Index



Natural history, cancer 1 patients 180, 181
radiation technique 181Necrosis, chronic radiation injury 12, 14

Non-small-cell lung cancer, see Lung cancer statistical analysis 182
epidemiology 152
hormonal ablation with adjuvantPatient positioning, advances 28, 29

Positron emission tomography therapies
conformal radiotherapyglioma treatment planning

fluorodeoxyglucose tracer 98, 103 nonrandomized studies 170, 171
ongoing phase II–III studies 173methionine tracer 99, 103

non-small-cell lung cancer clinical target randomized trials 170, 172, 173
rationale 164, 165volume determination with

fluorodeoxyglucose 93, 94 mechanism of action 166, 167, 172
neoadjuvant concept 167, 168Prostate cancer

conformal radiotherapy in local control prostatectomy
follow-up 1695, 6

controversies in management 152, 153 nonrandomized early studies
168dose escalation with external-beam

radiotherapy pathological downstaging 169
side effects 169Fox Chase Cancer Center Study

160 prostate-specific antigen screening
goals of treatment 165historical data 158, 159

MD Anderson Hospital Study radical prostatectomy follow-up
145159, 160

Memorial Sloan Kettering Cancer radical prostatectomy with adjuvant
radiotherapyCenter Study 160

overview of benefits 161 persistent prostate-specific antigen
management 148prognostic factors 160, 161

prospects 161–163 phase III trials 147, 148
rationale 145, 146, 149Radiation Therapy Oncology Group

Study 161 retrospective series 146, 147
side effects 149rectal bleeding 176

treatment planning 158 three-dimensional vs two-dimensional
radiotherapyUniversity of Michigan Study 163

dose-volume histograms in rectal bleeding dosing 154–157
patient characteristics in studyestimation

confounding factors 153, 154
prognostic factors 156comorbid conditions 180

contouring 179 toxicity 155, 156
treatment planning 153, 154, 156organ movement and set-up

deviations 180
organ structures and cranio-caudal Radiation injury

consequential late radiation damageborders 179
overview of studies 178 14, 15

growth factors and cytokines inrationale 177, 184
study design pathogenesis 17

mechanisms in different organsdose-volume histograms 181, 182
outcomes 182, 183 acute injury 12, 13

190Subject Index



chronic injury 12–14 Treatment planning, see also Computed
tomography, Magnetic resonance imaging,stem cell inactivation in normal tissues

9, 10 Positron emission tomography,
Single-photon emission tomographyRestenosis, see Intravascular brachytherapy
advances

dose calculation 31, 32Single-photon emission tomography,
glioma treatment planning using inverse planning 33, 34, 37

planning programs 30, 31a-methyl-tyrosine
comparison with magnetic resonance target volume definition 30

visualization and evaluation of plansimaging 99–103
metabolism of tracer 99 32

brachytherapy, see Brachytherapy,Stem cell, inactivation in normal tissue
damage 9, 10 Intravascular brachytherapy

Whole-brain radiation therapy, brainTarget localization, advances 28
Tissue rescuing unit 10 metastasis

combination therapy with radiosurgeryTolerance, irradiated tissue volume
relationship 8 140–142

outcomes 130Tracking systems, advances 30

191Subject Index


	41J3SFM815L._SS500_.jpg
	00 Preliminary Pages.pdf
	01 Significance of Local Tumor Control.pdf
	02 Mechanisms in the Development of Normal Tissue Damage - Fiction and Facts.pdf
	03 Epidermal Growth Factor and Its Receptor in Tumor Response to Radiation.pdf
	04 New Technologies in Conformal Radiation Therapy.pdf
	05 Intensity-Modulated Stereotactic Radiosurgery.pdf
	06 Three-Dimensional Endovascular Brachytherapy.pdf
	07 New Tools of Brachytherapy Based on Three-Dimensional Imaging.pdf
	08 Lung Cancer - Radiotherapy in Combined-Modality Schedules.pdf
	09 Modified Fractionation in the Radical Treatment of Non-Small-Cell Lung Cancer.pdf
	10 Target Volume Definition and Locoregional Failure in Non-Small-Cell Lung Cancer.pdf
	11 PET and SPECT in Three-Dimensional Treatment Planning of Brain Gliomas.pdf
	12 Radiation Dose Escalation for the Treatment of Gliomas-Recent Experience.pdf
	13 Three-Dimensional Brachytherapy in Malignant Gliomas.pdf
	14 Fractionated Radiotherapy of Inoperable Meningiomas without Histological Verification- Long-Term Results in 59 Patients.pdf
	15 Modern Management of Brain Metastases- Prognostic Factors in Radiosurgery.pdf
	16 Adjuvant Radiotherapy following Radical Prostatectomy.pdf
	17 Morbidity following Radiation Therapy.pdf
	18 Dose Escalation with External-Beam Radiotherapy for Prostate Cancer.pdf
	19 Prostate Cancer - Combination of Hormonal Ablation and Conformal Therapy.pdf
	20 Value of Dose-Volume Histograms in Estimating Rectal Bleeding after Conformal Radiotherapy for Prostate Cancer.pdf
	21 Author Index.pdf
	22 Subject Index.pdf

