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1 INTRODUCTION

1.1 STEREOTACTIC BODY RADIATION THERAPY (SBRT)

In radical radiotherapy of solid tumours local recurrence is a big problem. Even after the 

introduction of conformal radiotherapy it has been difficult to deliver the doses needed 

for tumour control, without risking unacceptable damage to surrounding tissue (Lax and 

Blomgren 2005). Much is to be gained from the development of radiotherapy for liver 

tumours, since only a minority are eligible for surgery (Ben-Josef et al 2005). SBRT is a 

relatively new method which shows good results (Lax and Blomgren 2005).

1.1.1 The development of SBRT

In the 1970s intracranial stereotactic radiotherapy (SRT) with the Gamma Knife was 

introduced at  Karolinska  University  Hospital,  in  Stockholm,  Sweden (Leksell  1951, 

Kihlström et  al  1993).  In this  Gamma Knife,  many small  60Co-sources,  placed in a 

hemisphere, irradiate a small centre where the target is positioned. Very high doses are 

given in the centre, still with limited doses to the surrounding tissue. One single high 

dose is given, with the purpose to kill all the cells in the target volume. A stereotactic 

frame attached to the patient’s skull keeps the same reference system in the treatment 

setting as in the diagnostic setting. This method can be used as an alternative to surgery 

and is sometimes called stereotactic radiosurgery. It is now used all over the world (Lax 

and Blomgren 2005).

The  difficulties  to  gain  full  tumour  control  for  solid  tumours  in  conventional 

radiotherapy, without unacceptable levels of toxicity, brought about the introduction of 

SBRT at Karolinska University Hospital in 1991. A body frame was constructed, as 

described below, and the experience of intracranial SRT was used in the development of 

guidelines for SBRT (Lax et al 1994). This method is nowadays used in many places 

worldwide and some reports of safe dose escalation have been published (Schefter et al 

2005).
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1.1.2 The technique of SBRT

SBRT is based on a highly accurate reference system both for the target localisation and 

therapy setting.  This allows for  smaller  margins  around the target,  and less healthy 

tissue  to  be  irradiated.  As  a  consequence  higher  doses  can  be  prescribed  for  the 

tumours. The aim is to achieve higher tumour control through high doses to the target, 

without increasing the toxic effect on the uninvolved tissue around.

The key to the spatial accuracy of SBRT is the geometrical verification of the target 

with computed tomography (CT), together with the stereotactic body frame developed 

at Karolinska University Hospital; see Figure 1. The frame is constructed from a low-

density plastic material that can be used in magnetic resonance (MR) imaging and the 

CT as well as in the accelerator, so the geometry is preserved from the diagnostic and/or 

the verification setting to the treatment setting. On the inside of the frame there are 

copper  indicators,  which  are  visible  on  CT  images.  These  indicators  define  the 

stereotactic coordinate system.

The frame contains a vacuum body mould in a plastic shell, which makes the patient 

take  the  same position  in  the  frame  at  every  treatment  occasion.  The  shell  can  be 

removed from the frame and another patient’s body mould added for the next treatment. 

The shell fits in the frame like a jig saw since it has dents where the frame has bulges. 

On the outside of the frame there is a longitudinal scale, and a stereotactic arc with a 

scale  can  be  placed  on  top.  These  scales  are  matched  with  the  laser  isocentre 

coordinates in the room. The construction also includes an abdominal pressure device to 

minimise internal breathing motion.

Apart from the body mould the patient’s position in the frame is controlled by tattoo 

points on the skin of the chest and tibia, where the skin is relatively stationary. Laser 

accessories are attached to the bottom of the frame and to the stereotactic arc to find the 

correct positions for the tattoo points.
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Figure 1: Stereotactic frame with various accessories

Rather  than relating the target  position to anatomical  landmarks,  as  in conventional 

radiotherapy, in SBRT it is related to the external stereotactic coordinate system. The 

diaphragmatic  motion  is  measured  by  flouroscopy.  The  uncertainty  of  the  organ 

position in all directions is estimated probabilistically, based on data from previous CT-

verifications of patients. This deviation decides the size of the margins in the dose plan. 

At Karolinska Hospital most treatments are covered by a 5 mm axial margin and a 10 

mm cranial-caudal margin, from the clinical target volume (CTV) to the planning target 

volume (PTV). In the target definition an individual margin is added from the gross 

tumour volume (GTV) to the CTV. No set-up margin has to be added in the transfer to 

the accelerator setting since the body frame is rigid and its position can be reproduced 

with a negligible uncertainty.
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The geometrical verification of the position of the tumour in the stereotactic system is 

entirely based on repeated CT-scans. Before the first treatment a verification CT-scan is 

done and compared to the first CT-scan, with regard to the position of the target in the 

stereotactic  system.  Thus  portal  imaging  as  used  in  conventional  radiotherapy  for 

geometrical verification has no role in SBRT.

1.1.3 Hypofractionation and inhomogeneous dose distribution

In SBRT the dose is  given from many different  angles,  in five to seven conformal, 

coplanar  or  non-coplanar  beams,  and  the  margins  are  limited  by  the  high  spatial 

accuracy.  In  this  way the  volume of  uninvolved tissue that  receives  a  high dose is 

minimised. This makes it possible to increase the dose per fraction for better tumour 

control probability, without exceeding the tolerance dose to the uninvolved liver. SBRT 

is thus given trough a hypofractionated program, e.g. three fractions of 15 Gy each, all 

delivered within a week. The very short treatment time prevents repopulation in the 

tumour, even for rapidly growing tumours. Having few fractions is more cost effective, 

and more comfortable for the patient, so the staff can take the time needed to position 

the patient accurately (Lax et al 1998).

As  for  intracranial  SRT,  dose  distributions  for  extracranial  targets  are  highly 

inhomogeneous. The idea is to give the prescribed dose to the surface of the PTV, while 

higher doses in parts of the tumour is preferable, since macroscopic tumours very likely 

have radioresistent hypoxic volumes which are affected only by very large doses. The 

dose to the volume outside the target depends mostly on the dose to the periphery of the 

PTV, why high doses only increase the chances of tumour control, without significantly 

increasing the risk for toxicity in normal tissue (Lax et al 1998). However, the volume 

between the CTV and PTV surfaces will  receive higher doses than for conventional 

radiotherapy. The prescribed dose is given at the 100% isodose surface closely fitting 

the PTV. A dose as much as 50% higher than the prescribed dose, or more, is often 

delivered to the central  parts,  as is  shown by the example of a dose distribution in 

Figure 3 (Lax and Blomgren 2005).
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1.2 TREATMENT OF LIVER TUMOURS

1.2.1 Liver tumours

Though relatively uncommon in the Western World, primary liver cancer is one of the 

10 most common cancers in the world, and one of the most lethal human malignancies 

(Curley  1998).  Colorectal  carcinoma,  which  is  the  most  frequent  cause  of  liver 

metastases, is the second most lethal cancer in Europe (Brans et al 2006). Generally the 

liver is frequently invaded by metastases,  since the malignant tissue from the gastro 

intestinal tract often is transported by the blood in the portal circulation, which in this 

organ passes through great lengths of tiny vessels (Russel et al 1993). Surgery is the 

preferred curative treatment for liver tumours, but only 10-25% are eligible for surgery 

(Cancerfonden and Socialstyrelsen 2005, Brans et al  2006). Liver tumours are often 

discovered at a late stage, since the patient often doesn’t suffer from any symptoms. To 

be operable the tumour should be limited to one part of the liver (Cancerfonden and 

Socialstyrelsen 2005). Many patients with primary liver tumours also suffer from other 

liver  diseases,  such  as  hepatitis  or  cirrhosis  (fibrosis  of  liver  tissue)  (Dawson  et  al 

2002),  which  limits  the  treatment  possibilities.  On  the  other  hand  the  liver  can 

regenerate after resection, so that up to 75% of the liver volume can be removed without 

risk of liver failure, if the part that is left functions normally (Penna and Nordlinger 

2002, Cancerfonden and Socialstyrelsen 2005).

Common  alternative  treatments  of  liver  tumours  are  ethanol  injection  and  thermo 

ablation therapy. Close to larger vessels in the liver neither thermo ablation therapy, nor 

surgery is to be preferred since the blood flow has a cooling effect, rendering thermo 

ablation  ineffective,  and  surgery  is  often  too  risky.  Here  radiotherapy  is  a  safer 

alternative,  and generally has the advantage of being totally non-invasive (Wulf and 

Herfarth 2005).
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1.2.2 Radiotherapy for liver tumours

The tolerance of the whole liver to irradiation is rather low, why radiotherapy has had 

limited importance as a curative treatment. At a dose of 30-35 Gy, in 1.5 Gy fractions, 

radiation-induced liver disease (RILD) has an occurrence of 5-10%. The symptoms of 

RILD are anicteric (without yellowing) enlarged liver, ascites (accumulation of fluid in 

the  peritoneal  cavity)  and  elevated  liver  enzymes.  RILD  has  limited  treatment 

possibilities and can lead to progressive liver failure and death (Dawson et al 2005). It is 

not primarily damage to the hepatocytes that is believed to be the cause of RILD, but 

rather damage to the central liver veins (Wulf and Herfarth 2005). Sometimes lower 

fraction sizes are given to targets at the hilus, where veins and nerves enter the liver 

(Lax and Blomgren 2005, Wulf et al 2006).

With the introduction of three-dimensional conformal radiotherapy, it became possible 

to treat unresectable tumours with radiation since more healthy liver tissue could be 

spared, even when doses high enough for tumour control were given. The knowledge 

about the partial liver tolerance to radiation is still limited, but more experience allows 

for dose escalation (Dawson et al 2001). With the introduction of SBRT as a treatment 

for  liver  tumours,  bigger  targets  can  be  considered  eligible  for  radiotherapy.  An 

important issue is the reaction of the uninvolved liver tissue.  Table 1 shows the basic 

fractionation  policy  for  liver  tumour  SBRT  at  Karolinska  University  Hospital, 

depending on the size of the tumour (Wersäll 2006).

Table 1: Fractionation policy at Karolinska University Hospital for liver tumour SBRT (Wersäll 2006)

Diameter [cm] Fractionation

3 15 Gy x 2 or 15 Gy x 3

5 10 Gy x 4

7-9 8 Gy x 5

14 8 Gy x 5 + 8 Gy x 5 three months after concluded treatment
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1.3 AIM OF THE STUDY

The  aim of  this  retrospective  study was  to  quantify  the  dosimetric  parameters  that 

influence the toxicity of the healthy liver, and the effect on the tumour, for SBRT to 

liver tumours in patients treated at Karolinska University Hospital. This was achieved 

through collecting dose volume histograms (DVHs) for all the patients. The DVHs for 

the normal liver were evaluated according to the LKB effective volume, the mean dose 

to the uninvolved liver volume, and the spared liver volume. The equivalent uniform 

dose (EUD) was calculated from the DVHs for the CTV. The results concerning the 

mean liver dose, effective volume and the spared liver volume were compared to data in 

the literature.
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2 MATERIALS AND METHODS

2.1 MATERIALS

2.1.1 Patient data

The patient group to be studied were treated at Karolinska University Hospital for liver 

metastases with SBRT between July 1993 and October 2004. Originally there were 74 

patients treated for 109 tumours with 85 treatment plans. Patients treated with more than 

one  treatment  plan  were  considered  as  different  patients,  since  the  treatments  were 

independent and separated by at  least several  months.  14 treatment  plans had to be 

excluded for various reasons. For some treatments, dose planning data had been lost 

because  of  broken  storage  cassettes.  Some  treatments  could  not  be  evaluated  with 

certainty concerning the toxicity for uninvolved liver tissue, because several dose plans 

with different fractionation schedules were used simultaneously (in one treatment plan). 

For the patients accepted for evaluation, for which more than one dose plan with the 

same fractionation were used in one treatment plan, the effect of all the dose plans was 

considered. For one patient  two plans with different  fractionation had been used,  in 

which case one of the plans was considered having a negligible effect on the uninvolved 

liver  tissue,  concerning  size  and  biologically  equivalent  dose  (BED),  and  could  be 

excluded. Finally there were 64 patients treated with 71 treatment plans for 81 tumours 

left in the material.  One treatment plan included three tumours, nine treatment plans 

included two tumours, while the rest (60 treatment plans) included one tumour.

The data collected for each patient were diagnosis, fractionation schedule, date of first 

treatment, date of last treatment, CTV and PTV.  Table 2 shows the hypofractionation 

schedules used.

The dose plans for all the treatments were available in the treatment planning system, 

including  CT-pictures,  defined  anatomical  structures,  structure  volumes  and  dose 

distributions. Figure 2 shows the size range of the targets of the patient group.
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Table 2: Fractionation schedules used for the evaluated treatments

Fractionation Number of treatments

5 Gy x 5 3

8 Gy x 3 3

8 Gy x 4 3

10 Gy x 3 4

8 Gy x 5 14

10 Gy x 4 27

15 Gy x 2 5

10 Gy x 5 1

12 Gy x 4 2

15 Gy x 3 18

20 Gy x 2 1

Figure 2: Radius and volume for the CTVs and PTVs of all tumours in our study. The tumour was 
modelled as a sphere when the radius was calculated from the volumes of the structures.
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2.1.2 Dosimetric data

The treatment plans for the evaluated treatments were made in the treatment planning 

system Helax-TMS by MDS Nordion, and stored on cassettes. To evaluate the dose 

plans some of the treatment plans at a time were retrieved. The data collected for each 

treatment  were  images  of  the  target,  including  position  and  dose  distribution,  and 

differential DVHs for CTV and PTV. DVHs for the uninvolved liver tissue were also 

acquired,  that  is,  for  the  liver  structure  minus  GTV.  However,  the  GTV was  only 

defined in two treatment plans, why the DVH for the liver minus CTV had to be used 

instead. The structures for the CTV, the PTV and the liver were already defined from 

the time of dose planning, except in two cases where the liver structure was missing. In 

those cases the liver was defined. In the other cases we had only to make a separate 

structure defining the liver minus CTV, which meant filling in the lines and making a 

small channel connecting the CTV to the liver structure. Figure 3 shows an example of 

a liver image. 
100% isodose

Figure 3: Image of tumour in the liver with CTV, PTV and liver minus CTV defined. The second picture 
includes the dose distribution.

The treatment planning system calculated differential DVHs, which were exported to a 

text  file,  for  all  the  defined  structures.  The  dose  was  expressed  as  percentage  of 

prescribed dose and divided in bins of 0.5% steps. The volume that received each bin 

12



dose was expressed in cm3. Figure 4 shows examples of DVHs for CTV, PTV and liver 

minus CTV.

Figure 4: Examples of differential DVHs for liver minus CTV, CTV and PTV, with the dose expressed as 
percent of prescribed dose

2.2 METHODS FOR EVALUATION

2.2.1 Correction for fractionation

To be  able  to  compare  the  DVHs from patients  treated  with  different  fractionation 

schedules the linear quadratic (LQ) formula for BED was calculated, for the dose in 

each bin in the DVHs, according to 






 +=
βα /

1 i
i

d
NdBED , ( 1 )
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where N is the number of fractions, di is the dose per fraction in bin i of the DVH, and α 

and β supposedly a measure of the relative damage from single hit and two-hit events 

respectively (e.g. Fowler 1989). The value α/β = 2 Gy was used for late toxicity in the 

normal liver as in Dawson et al (2002), and the commonly used value α/β = 10 Gy was 

used for the immediate effect on the tumour (Hall and Giaccia 2006).

The doses were also transformed to EQD1.5 (equivalent dose) which is the dose, in 1.5 

Gy fractions,  that  gives an effect  equivalent  to the effect  of the actual  fractionation 

schedule.  The EQD1.5 was calculated for each bin according to equation 2, which is 

based on the LQ model. The normalisation dose dnorm = 1.5 Gy.

βα

βα

/
1

/
1

5.1
norm

i

i d

d

NdEQD
+

+
= ( 2 )

The reason for making these calculations was to be able to compare our results of liver 

toxicity to those of Dawson et al (2002), and Dawson and Ten Haken (2005), which are 

based on a  study of  hyperfractionated radiotherapy of  liver  metastases  with 1.5 Gy 

fractions. As in this study we used the value α/β = 2 Gy for the calculations.

2.2.2 NTCP model: Lyman-Kutcher-Burman (LKB) effective volume

Lyman’s  empirical  normal  tissue  complication  probability  (NTCP)  model  (Lyman 

1985) predicts the NTCP for irradiation of a certain fraction  v of the organ irradiated 

with a uniform dose D. It interpolates clinical data for uniform whole and partial organ 

irradiation, using a normal probability function

∫
∞−

−
=

t x

dxeNTCP 2

2

2
1
π

, ( 3 )

where
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( )vTDm

vTDDt
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⋅
−= , ( 4 )

and

( ) ( ) nvTDvTD −⋅= 15050 . ( 5 )

TD50(1) is the dose to the whole organ associated with a 50% risk of complication, and 

similarly  TD50(ν) is the dose to the fractional volume v associated with a 50% risk of 

complication. The Lyman NTCP model assumes a sigmoid dose-response relationship 

without threshold. The parameter  m characterises the steepness of this curve at  TD50. 

The parameter n represents the volume effect, which is large for organs in which a small 

fraction can be damaged with preserved organ function. The liver is such an organ and 

has a value of n close to 1. Organs with values of n close to 0 have a tolerance to partial 

organ irradiation similar to that of whole organ irradiation (Kutcher and Burman 1989, 

Ten Haken et al 1993, McGinn et al 1998, Dawson et al 2002).

Since the Lyman model assumes a uniform dose distribution for partial or whole organ 

irradiation, a method to calculate an effective volume must be used. One of the methods 

suggested  by  Kutcher  and  Burman  has  been  widely  used.  It  assumes  a  power  law 

relationship for tolerance doses at uniform irradiation (Kutcher and Burman 1989). The 

formula suggested is

∑ 









=

i

n

ref

i
ieff D

Nd
vV

1

, ( 6 )

where  vi is  the bin volume in the differential  DVH for a given dose plan,  N is  the 

number of fractions,  di is the bin dose per fraction, and  Dref a reference dose. In our 

study the prescription dose was chosen as the reference dose, as in the study of Dawson 
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et  al  (2002).  The parameter  n is,  as  above,  the volume effect.  The value  n = 0.97, 

calculated by Dawson et al (2002), was used in our study.

2.2.3 NTCP model: critical volume

Several NTCP-models are useful for estimating the risk of toxicity in the normal tissue 

around the tumour. However, often the approach is not to minimise NTCP but to have a 

maximum acceptable limit for NTCP, while raising the dose to the tumour to increase 

TCP. To this end the critical volume model has been investigated.

Surgical  reports  claim  that  resection  of  up  to  4/5  of  the  liver  volume  is  safe  (the 

functional  reserve),  as  long  as  the  remaining  1/5  (spared  liver  volume)  is  fully 

functioning. Applying this principle theoretically to liver radiotherapy would suggest 

that as long as a big enough volume of normal liver receives a small enough dose to 

avoid toxicity, the target volume can be treated with arbitrarily high doses. Thus all the 

cells in the tumour and part of the liver volume would be killed. This model focuses on 

tumour control, while ensuring acceptable organ function (Schefter et al 2005).

Different sizes of liver volume have been suggested to be the functional reserve, and 

different doses have been given to the target volume. The whole liver tolerance dose 

(associated with 5% risk of RILD) has been reported to be 30-35 Gy in 1.5 Gy fractions, 

and has been used as a dose limit to the part of the liver to be spared (Dawson et al 

2001, Schefter et al 2005).

The functional reserve of the liver, i.e. the maximum liver volume that can be damaged 

without endangering liver function, is sometimes called “the critical volume”. This term 

will be avoided here to avoid ambiguity,  since Yeas and Kalend (1988) use it for a 

different concept (see 4.1.3). Instead the term “threshold volume” will be used to define 

the  maximum  liver  volume  that  can  be  irradiated  to  a  very  high  dose,  without 

endangering  liver  function.  On  the  other  hand it  is  sometimes  useful  to  define  the 

minimum liver volume that, if fully functioning, can keep up the liver function. We will 

call this “the spared liver volume limit”. The threshold volume is complementary to the 

spared liver volume limit.
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2.2.4 TCP model: equivalent uniform dose

The  equivalent  uniform  dose  (EUD)  (Niemierko  1997)  is  the  dose  in  Gy,  given 

homogeneously  to  a  volume of  interest  (VOI),  which  predicts  the  same number  of 

surviving clonogens as the actual dose distribution. The concept of EUD is related to the 

tumour  control  probability  (TCP),  and  assumes  that  any two  dose  distributions  are 

equivalent  if  they cause the same radiobiological  effect.  It  assumes a homogeneous 

distribution of a large number of independent clonogens in the VOI, for which random 

killing is described well by Poisson statistics. Assuming a single hit model, the survival 

fraction (SF) of cells irradiated to a dose D (fraction dose times the number of fractions) 

can be approximated by an exponential, and the relation between SF(D) and SF(Dref), 

where Dref is a reference dose, is

( ) ( ) refD
D

refDSFDSF =  (Niemierko 1997). ( 7 )

The total survival fraction for the VOI is the average of the survival fractions SF(Di) 

weighted by the fractional subvolume vi that received the dose Di:

( )∑ ⋅=
i

iitot DSFvSF ( 8 )

According to the definition of EUD

( ) totSFEUDSF = , ( 9 )

which with equations 7 and 8 gives us
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This  value  can  be  compared  for  different  dose  distributions  delivered  in  the  same 

number of fractions,  with the same fraction dose. To apply this formula to different 

fractionation schedules, using a value for SF(Dref), the following equation can be used:
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where N is the number of fractions. Unless the EUD is normalised to the same dose per 

fraction, it  cannot be compared with the values for different fractionation schedules. 

Equation 12 normalises the EUD to the reference dose. 

ref

norm

D

N
EUD

EUDEUD
+

+
⋅=

β
α

β
α

( 12 )

Equation 11 and 12 are derived using the LQ model (Niemierko 1997). In our study Dref 

was chosen to be 2 Gy and SF(2 Gy) = 0.5, as in the study of Schefter et al (2005).
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3 RESULTS

3.1 LIVER TOXICITY

All the dosimetric results of this work are based on the differential DVHs, collected 

from the treatment plans. This section will deal with the analysis of the DVHs from the 

normal liver, that is, from the liver-CTV.

3.1.1 Dose distributions

Figure 5 shows the cumulative DVHs for the liver-CTV from all the 71 treatment plans 

examined. From these, 18 treatment plans are estimated to give more than 50% risk to 

develop RILD, according to effective volume calculations as in the study of Dawson et 

al  (2002)  (see  3.1.3).  Figure  5 shows that  the  LKB effective  volume NTCP model 

assigns a higher risk to dose distributions with doses to large volumes of the normal 

liver,  rather  than dose distributions with large maximum doses.  This is also evident 

from the dose statistics in Table 3.

The patient group was further divided into peripherally and centrally located tumours. 

When it was unclear which group a patient should belong to, the doses to the central 

parts of the liver were considered. The hypothesis was that patients with high isodoses 

in the central parts of the liver were prescribed lower doses, not to jeopardise the liver 

function (Lax and Blomgren 2005, Wulf et al 2006). Therefore treatment plans with 

centrally  located  tumours  were  distinguished  from  those  with  peripherally  located 

tumours; see  Figure 6. The cumulative DVHs in  Figure 6, as well as the statistics in 

Table  3,  show that  the  dose  to  the  uninvolved  liver  is  higher  for  centrally  located 

tumours than for peripherally located tumours. The summary of the doses to the CTVs 

in Table 4, however, support our hypothesis since the average of the minimum, mean 

and maximum doses all are higher for peripheral than central tumours.
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Figure 5: Cumulative DVHs the liver-CTV for all the treatment plans in our study

Figure 6: Cumulative DVHs for the liver-CTV for treatment plans with peripherally and centrally  
located tumours respectively
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Table 3: The mean values for the mean and maximum doses of the liver-CTV DVHs, in BED, for the 
treatments. The total patient group was independently stratified into two sets of subgroups, firstly  
according to expected risk for RILD according to the LKB effective volume model, and secondly 

according to target location.

Mean dose [Gy2] Maximum dose [Gy2]

Over 50% risk (18) 97.8 (76.9-131.8) 562.6 (309.5-941.6)

Under 50% risk (53) 47.1 (11.5-74.7) 529.5 (157.5-1148.2)

All treatments (71) 62.1 (11.5-131.8) 532.0 (157.5-1148.2)

Central tumours (23) 77.5 (30.1-123.2) 465.6 (157.5-858.9)

Peripheral tumours (48) 51.5 (11.5-131.8) 572.5 (232.1-1148.2)

3.1.2 Mean liver doses

According to Dawson et al (2002) the fact that the liver shows a high volume effect 

suggests a strong correlation of RILD with the mean liver dose.  Figure 7 displays the 

distribution of the mean dose to the normal liver among the patients, and compares the 

data with Dawson and Ten Haken’s (2005) dose-response curve for the risk of RILD, 

concerning liver metastases. The mean liver dose was calculated from the differential 

DVHs, and normalised to 1.5 Gy fractions as in the article of Dawson et al (2002), 

according to

∑
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+
=
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i
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β
α

β
α

, ( 13 )

where  N is the number of fractions,  di the bin dose per fraction and  vi the fractional 

volume of the normal liver in the bin. Like Dawson et al (2002), and Dawson and Ten 

Haken (2005) we used α/β = 2 Gy for the normal liver toxicity.

As Figure 6 and Table 3, Figure 7 also shows a clear shift towards higher doses to the 

normal  liver  for  central  tumour  treatments  compared  to  the  peripheral  tumour 
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treatments.   Most of the dose plans have a risk for RILD that by Dawson and Ten 

Haken’s data is estimated to be less than 50%. 20 treatments exceed the 50% risk dose. 

(The dose corresponding to a 50% risk of RILD was estimated visually to be 46 Gy in 

1.5 Gy fractions.)

Figure 7: The distribution of the mean dose to the normal liver among the patients, compared to the  
dose-response curve for the risk of RILD from Dawson et al (2005)

3.1.3 LKB effective volume results

The LKB effective  volume was  calculated  for  all  the DVHs of  the  liver-CTV, and 

plotted against the prescribed dose, expressed as EQD1.5; see Figure 8. The value of n = 

0.97 from Dawson et al (2002) was used in the calculations.  Figure 8 also shows the 

iso-toxicity curves, published by Dawson et al (2002), indicating for which effective 

volume of normal liver the NTCP is 5% and 50% for a given prescribed dose. Here 

NTCP is defined as the risk to develop RILD. The curves are based on the data of 

Dawson et al (2002) up to 100 Gy. For higher doses an extrapolation was made by 

Dawson at  a request  from us.  Their  study is  based on a  group of hyperfractionated 

patients who received 1.5 Gy fractions.
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Figure 8: Partial effective volume of normal liver receiving the prescribed dose, and the corresponding 
iso-toxicity curves and threshold volume, based on data from Dawson et al (2002). The median 

prescribed dose (in EQD1.5) for each subgroup and the number of treatments in it, are shown in the  
legend.

The study of Dawson et al  (2002) also supports a threshold volume of 30%, which 

Figure 8 includes for comparison. This means that the risk of RILD is near zero, even 

for very high doses to the liver, if the volume irradiated doesn’t exceed the threshold 

volume. In this graph our treatments have been grouped according to cumulative target 

size. (Where more than one target was treated at once, the size of the CTV was taken to 

be the sum of the CTVs.) Of the 71 treatments 18 exceed the 50% iso-toxicity, while 30 

exceed the 5% iso-toxicity.  Figure 9 and Figure 10 show the corresponding graphs for 

the target location subgroups. The threshold volume is given different values for central 

and peripheral tumours, because of our hypothesis that they are associated with different 

risk levels. The literature suggests a range of values (0.25-0.4) for the volume threshold 

(Dawson et al 2001). We choose the lower value of 0.25 for central tumours, and the 

higher value of 0.4 for peripheral tumours, based on the hypothesis that irradiation of 

the  central  parts  of  the  liver  is  associated  with  a  higher  risk  of  toxicity  (Lax  and 

Blomgren 2005, Wulf et al 2006). The figures show that a bigger fraction of the patients 

with central tumours have a risk to develop RILD.
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Figure 9: The same figure as Figure 8, but for centrally located targets only, and a lower threshold 
volume

Figure 10: The same figure as Figure 8, but for peripherally located targets only, and a higher threshold 
volume
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3.1.4 Critical volume results

Schefter et al (2005) have published the results from a phase I trial of SBRT for liver 

metastases, based on the critical volume model (Yeas and Kalend 1988). The spared 

liver volume limit (i.e. the minimum liver volume that can keep up the liver function) 

was 35%, well above the 20% limit indicated by surgery (see 2.2.3). They assumed an 

average liver volume of 2000 cm3, of which 35% is 700 cm3. The dose constraint for the 

spared liver volume was 5 Gy x 3 (52.5 Gy2 in BED), well below the assumed whole 

liver irradiation tolerance dose of 33 Gy in 22 fractions (57.8 Gy2). In this way at least 

700 cm3 of the normal liver was spared from radiation damage.

With the definitions above we calculated the volume of the normal liver spared from 

radiation damage (i.e.  the  liver  volume that  received  less  than 5 Gy x 3),  for  each 

patient. The results are presented in Figure 11. Here the data are compared to the spared 

liver volume limit of 700 cm3 from the article of Schefter et al (2005). 

Figure 11: Distribution of spared liver volume among the patients, and the spared liver volume limit
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Figure 12 shows the distribution of the percentage of spared normal liver among the 

patients, together with the spared liver volume limit of 35%.

Figure 12: Distribution of spared liver volume, in percentage, among the patients, and the spared liver  
volume limit

Using the value of 700 cm3 for the spared liver volume limit, as in Figure 11, ten of our 

71 treatments would give a risk for liver failure, according to the critical volume model. 

The size of the liver varies widely between the patients though. Using the value of 35% 

individually for each patient, predicts that only four of our patients were at risk.

3.2 TUMOUR CONTROL

This section analyses the DVHs and other data for the CTVs, since the tumour control 

probability depends on the dose delivered to the target.  Table 4 shows the minimum, 

mean and maximum dose to the CTV, with the treatment stratification introduced in the 

previous section. It seems that peripheral tumours were prescribed higher doses than 
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central tumours, since the average of the minimum, mean and maximum doses all are 

higher  for  peripheral  tumours.  This  is  in  line  with  our  hypothesis  that  the  higher 

sensitivity of the central parts of the liver results in a more careful fractionation, when 

these parts are included by the high isodoses.

Table 4: The mean values for the minimum, mean and maximum doses of the CTV DVHs, in BED. The 
total patient group was independently stratified into two sets of subgroups, firstly according to expected 
risk for RILD according to the LKB effective volume  model, and secondly according to target location.

Minimum dose 
[Gy10]

Mean dose
[Gy10]

Maximum dose 
[Gy10]

Over 50% risk (22) 78.7 (23.8-138.0) 139.7 (87.1-217.0) 156.4 (99.4-252.7)
Under 50% risk (60) 95.9 (10.6-249.9) 136.8 (50.6-264.9) 150.2 (59.8-280.8)
All tumours (82) 91.3 (10.6-249.9) 137.6 (50.6-264.9) 151.8 (59.8-280.8)
Central tumours (30) 68.3 (10.6-142.0) 119.4 (50.6-211.8) 133.0 (59.8-230.6)
Peripheral tumours (52) 104.5 (23.8-249.9) 148.1 (67.6-264.9) 162.7 (74.0-280.8)

3.2.1 Results of EUD calculations

The EUD to the CTV was calculated for all the tumours (using the value SF(2 Gy) = 

0.5, as in the study of Schefter et al (2005)), and normalised to 2 Gy fractions. The 

value α/β = 10 Gy was used in the normalisation. The range of EUD among the tumours 

is shown in Figure 13. The mean EUD for the CTVs is 91.3 Gy (26.7-213 Gy), and the 

median 91.2 Gy (65.2-110 Gy).

Figure 14 shows the EUD for the tumours plotted against the prescribed dose, expressed 

as EQD2. Since they were treated with SBRT, and the prescribed dose was given to the 

PTV surface with an inhomogeneous dose distribution inside the PTV, the average dose 

to  the  CTV would  be  expected  to  exceed  the  prescribed  dose.  The  EUD,  being  a 

measure of the effective average dose, follows this trend. However 18 CTVs (out of 82) 

received  an  EUD lower  than  the  prescribed  dose.  The  solid  line  in  Figure  14 is  a 

reference  line  where  the  EUD  equals  the  prescription  dose.  The  average  ratio  of 

EUD/prescribed dose was 1.3 (0.4-2.1). This can be compared with the value of this 

ratio of 1.2 (1.1-1.3) from Schefter et al (2005).
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Figure 13: The distribution among the 82 tumours of the EUD to the CTV, normalised to 2 Gy fractions

Figure 14: EUD to the CTV, normalised to 2 Gy fractions, and prescribed dose for all the 82 tumours  
and the reference line where the EUD equals the prescription dose
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3.2.2 Fractionation and target size

We examined how the fractionation depends on the target size for liver tumours treated 

with SBRT at Karolinska University Hospital. Figure 15 shows the size of the CTV for 

all  the  tumours  compared  to  the  fractionation  schedule  on  the  abscissa,  ordered 

according to the corresponding BED with α/β = 10 Gy. According to this figure, all the 

fractionation schedules have been assigned to the smaller targets, while larger targets 

mostly have been assigned the medium BED schedules.

Figure 15: CTV sizes for the fractionation schedules used. The numbers on the columns show the dose 
per fraction times the number of fractions.

Figure 16 shows the EUD given to the CTVs depending on the size of the CTV. The 

abscissa is plotted logarithmically since the size range otherwise makes the distribution 

unclear. The figure shows that the maximum EUD to the target is larger for smaller 

targets.
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Figure 16: EUD to the CTV for all the tumours, depending on the size of the CTV

3.2.3 Fractionation over the years

Looking at  the  development  of  the  fractionation  policy in  Figure  17,  for  the  years 

included in the study, it seems as if higher and lower doses are used up to 2000-2002. 

Later they seem to be replaced by medium dose fractionation schedules such as 10 Gy x 

4 and 8 Gy x 5.

To  exclude  the  influence  of  tumour  size  on  the  trend  in  Figure  17 the  group  of 

treatments was stratified according to CTV size; see Figure 18. Here the trend is not so 

obvious.  For  tumours  of  size  50-100 cm3 and  200-300 cm3 the  dose  still  seems to 

decrease with time, but for tumours of size 100-200 cm3 it seems to increase slightly.

Probably the prescribed dose also depends on the location of the target, so to eliminate 

this factor Figure 19 and Figure 20 show the same data, divided into groups of tumour 

size for centrally and peripherally located tumours separately. For central tumours no 

trend can be seen, while for peripheral tumours the same development as in Figure 18 is 

seen.
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Figure 17: Prescribed dose in BED with α/β = 10 Gy for all the treatments in the study, and time of  
started treatment. The numbers next to the rows show the dose per fraction times the number of fractions.

Figure 18: Stratification for target size. Prescribed dose in BED with α/β = 10 Gy for all the treatments  
in the study, and time of started treatment.
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Figure 19: Centrally located tumours: Prescribed dose in BED with α/β = 10 Gy for all the treatments in  
the study, and time of started treatment.

Figure 20: Peripherally located tumours: Prescribed dose in BED with α/β = 10 Gy for all the  
treatments in the study, and time of started treatment.
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4 DISCUSSION

4.1 LIVER TOXICITY

4.1.1 Dose distributions

The cumulative DVHs in Figure 5 show that most of the normal liver received very low 

doses, for all the treatments. This is to be expected for SBRT treatments in particular, 

since many beams are used to build up a high dose to the target. They also show that the 

treatments giving doses to the largest volumes are the ones at risk according to the LKB 

effective volume model.

The  statistics  for  the  doses  to  the  CTVs  of  the  centrally  and  peripherally  located 

tumours  in  Table  4 confirm our  hypothesis  that  lower  doses  are  given  to  centrally 

located targets.  Still,  the treatments for centrally located tumours show higher mean 

doses to the normal liver than the peripherally located ones (see Table 3 and Figure 6). 

A factor raising the doses to the liver for centrally located tumours is the fact that the 

beam must  pass  through healthy  liver  tissue  before  it  reaches  the  tumour,  from all 

directions. Thus a larger dose is deposited by the beam before the target, than behind the 

target, seen from the accelerator. Another explanation is found in the mean size of the 

tumours  in  the  two  subgroups.  The  mean  cumulative  volume  of  the  CTV  for  the 

centrally located tumours (mean volume = 246.4 cm3) was more than double that for the 

peripherally located tumours (mean volume =  115.4 cm3). This means larger doses to 

the normal liver for centrally located tumours than for the peripheral ones, since the 

shell around the CTV receiving a large dose is naturally greater, the larger the tumour 

is. Also, tumours located peripherally when they are small, influence the central parts 

more as they grow. This could at  least partly explain the tumour volume difference 

between the groups, and therefore also the high mean doses to the normal liver, for 

centrally located tumours, since the doses to the central parts of the liver were taken into 

consideration in grouping the tumours.
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Today the location of the target is not considered in dose prescription at Karolinska 

University  Hospital,  but  rather  the  target  size  (Gunvén  2006).  Large  tumours  are 

prescribed lower doses, which could explain our results since the target volume of the 

centrally located tumours were bigger.

4.1.2 LKB effective volume or mean liver dose?

Both the LKB effective volume and the mean liver dose results indicate the risk for 

normal liver  toxicity,  and are compared to curves  based on the LKB NTCP model, 

presented by Dawson et al (2002), and Dawson and Ten Haken (2005). In our study, 

using the LKB effective volume model, 18 patients were assigned a risk of RILD higher 

than 50%. Using mean liver dose calculations the corresponding number of patients was 

20.

The mean liver dose is a simple parameter that has been reported to correlate strongly to 

the NTCP for the liver, in the case of conventional radiotherapy. It might be used in 

ranking alternative dose plans (Dawson et al 2002). The relation between mean liver 

dose and NTCP could look different in the case of SBRT though. In SBRT very high 

doses are delivered to limited volumes of the uninvolved liver (the liver volume without 

tumour tissue), while large volumes are spared from high doses since a larger number of 

beams are used. This can result in rather high mean doses to the normal liver, but not 

necessarily a higher risk for toxicity, according to the principles of the critical volume 

model  (see below).  The LKB effective  volume model  on the other  hand takes into 

consideration  the  total  dose-volume  distribution,  and  summarises  the  risk  from  all 

volumes with different doses into one parameter. Still neither the mean liver dose nor 

the effective volume take into account any volume threshold for toxicity.

4.1.3 The critical volume model

Several publications support the existence of an irradiated liver volume threshold, i.e. 

the  liver  volume  that  may  be  irradiated  to  a  very  high dose  without  risk  for  liver 

toxicity. The level for this volume threshold is different in different studies, and it is 
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mostly an empirical concept (Jackson et al 1995, Dawson et al 2002, Wulf and Herfarth 

2005).  Schefter  et  al  (2005)  suggest  a  threshold  volume  of  80%,  based  on  the 

experiences from surgery, but assume a lower threshold volume of 65% for their trial in 

SBRT of liver metastases. In their study no cases of dose-limiting toxicity (grade 3 liver 

or intestinal toxicity or higher) appeared. The data analysis in the study of Jackson et al 

(1995) on the other hand, showed a lower threshold volume of around 40%, lower than 

the 67% which was assumed to be safe for surgery in their report. This analysis was 

based on data from conformal radiotherapy (conventionally fractionated with 1.5-1.65 

Gy per fraction, twice a day) of liver metastases and primary liver tumours. Finally, the 

study of Dawson et al (2001) of conformal radiotherapy of liver metastases and primary 

liver tumours, indicates an even lower value of the volume threshold of around 25%.

There  is  no  evidence  that  a  volume  threshold  value  for  surgery  is  also  valid  for 

radiotherapy. This would at least require that the spared liver volume after irradiation is 

functioning to the same degree as after surgery. Still Schefter’s study didn’t show any 

toxicity, even for patients with only 35% liver volume spared. A reason why Schefter 

doesn’t encounter more toxicity (in contrast to Jackson’s and Dawson’s studies), could 

be that patients with liver metastases generally seem to tolerate radiation better than 

patients with primary liver tumours. Primary liver tumours are often associated with 

liver cirrhosis or hepatitis and lower tolerance to irradiation (Dawson et al 2002). That 

Schefter’s study was based on SBRT, while Jackson´s and Dawson’s studies were from 

conventional conformal radiotherapy, could also contribute to the explanation of the 

differences.

The critical volume model applies to organs with parallel architecture. This means that 

their function is carried out in parallel by quasi-independent subunits. When cells are 

damaged by irradiation of the organ, stem cells can regenerate functioning cells, but 

there  is  a  limit  to  the  distance  in  the  surrounding  organ  which  one  stem cell  can 

repopulate. In organs with parallel architecture the functional subunit is believed to be 

this critical volume, which can be repopulated around one functioning stem cell. Only 

the  subunits  where  all  stem cells  are  damaged  lose  their  function  after  irradiation. 

Organs with parallel architecture have a functional reserve, so that though some of the 
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subunits are damaged, the remaining ones can keep up the organ function, as long as the 

damaged volume does not exceed the functional reserve (Yeas and Kalend 1988). When 

the number of subunits is large the total damage to the organ can be well approximated 

by the mean damage to the subunits, and the fraction damaged organ correlates strongly 

with the complication probability (Jackson et al 1995).

The existence of a volume threshold for irradiation of the liver, and the fact that the 

mean liver dose has been shown to be a good predictor of the liver toxicity is in line 

with the understanding of the liver as an organ with parallel architecture (Jackson et al 

1995, Dawson et al 2002, Wulf and Herfarth 2005). So is the fact that the study of 

Dawson et al (2002) shows a large volume effect for the liver, with the LKB parameter 

n = 0.97.

In the LKB NTCP model  every dose level  in the dose distribution adds to the risk 

estimation,  not  considering the  effect  of  a  volume threshold.  In  the  critical  volume 

model, on the other hand, only the liver volume receiving considerable doses adds to the 

risk estimation. Therefore the existence of a volume threshold for irradiation of the liver 

would suggest that, at least theoretically, the critical volume model probably describes 

the risk for liver toxicity better and more completely than the LKB NTCP model or the 

mean liver dose. However a consensus on the value of the threshold volume has not 

been  reached  yet.  Considerable  differences  are  to  be  expected  between  the  risk 

estimation by the critical volume model and the mean liver dose, especially for SBRT 

treatments, because of the large liver volumes receiving low doses.
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4.2 TUMOUR CONTROL

4.2.1 The EUD model

It is important that the whole target volume receives the prescribed dose, because if 

there are cold spots there is a lower chance of killing all tumour cells and achieving 

tumour control. Small cold spots are compensated for by the otherwise high doses in the 

target, in which case the mean target dose describes the effective dose well, while larger 

cold spots cannot be compensated for. The EUD is a measure of the effective mean dose 

to the target.  It  shows how well  the target  was covered by the prescribed dose, but 

doesn’t determine the chances of tumour control by itself (Niemierko 1997).

In this analysis 18 of the treatments gave an EUD to the CTV lower than the prescribed 

dose (see Figure 14). Looking at the dose plans for these patients, it seems that in most 

of the cases organs at risk prevented the 100% isodose from covering the PTV. Cold 

spots  could  also  have  contributed  to  the  low  EUD  to  the  target.  It  remains  to  be 

evaluated whether these patients have a higher incidence of local recurrences.

Equation 11 and 12 were used to calculate the EUD to the CTV for all the treatments. 

Using equation 10 with EQD2 for Di resulted in the same value of the EUD though, for 

two treatments  which were examined. This is consistent with Niemierko’s statement 

that the correction for the dose per fraction is less than 1% (1997).

4.2.2 Fractionation and target size

A  comparison  between  Table  1 and  the  mean  tumour  sizes  for  the  fractionation 

schedules  in  Table  2 shows  consistency  between  theory  and  clinical  practice  at 

Karolinska  University  Hospital.  The  major  fractionation  schedules  among  our 

treatments (see Table 2) are those from Table 1. Table 5 below shows the tumour size 

statistics for these schedules.
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Table 5: Tumour sizes in clinical practice (calculated for the groups of fractionation schedules in 

Table 2) and clinical theory (from Table 1) for the most frequent fractionation schedules

Fractionation Number of 
patients

Mean CTV 
diameter [cm]

Theoretical 
diameter [cm]

15 Gy x 3 18 4.8 (1.6-8.2) 3

15 Gy x 2 5 3.7 (2.5-4.5) 3

10 Gy x 4 27 5.8 (1.6-10.2) 5

8 Gy x 5 14 6.7 (3.9-8.8) 7-9

Figure  15 shows  the  spread  of  the  target  size  for  different  fractionation  schedules. 

Medium size BED schedules were given to a wide range of tumour sizes, while higher 

and lower BEDs were given preferably to small tumours. That high doses only were 

given to small  targets  can be explained by the fact  that  large targets  include larger 

volumes of uninvolved liver in the high dose volume, which limits the prescribed dose 

to the target because of the risk of liver toxicity. Still the large tumours shouldn’t be 

given  too  low doses,  since  there  is  a  great  risk  of  hypoxic  volumes  making  them 

radioresistant (Lax and Blomgren 2005).

4.2.3 Fractionation over the years

From Figure 19 and Figure 20 it has to be concluded that in general the practice of dose 

prescription has been consistent over the years, with minor shifts. At the moment there 

is no indication that patients treated with SBRT for liver tumours at our centre later 

suffer from RILD, or any other serious complication. Therefore a slow and careful dose 

escalation  is  performed  at  present,  in  the  hope  of  achieving  higher  tumour  control 

(Gunvén 2006). 
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4.3 CLINICAL  OUTCOME  OF  SBRT  TREATMENTS  AT  KAROLINSKA 

UNIVERSITY HOSPITAL

According  to  the  long  clinical  experience  of  SBRT  treatment  for  liver  tumours  at 

Karolinska University Hospital, the clinical outcome is very good in terms of tumour 

control and liver toxicity (Blomgren et al 1998). However the analysis of the current 

patient series is not yet complete. Therefore it is unclear if the actual risk of RILD for 

the  patient  group is  closer  to  our  results  based  on  the  presented  models,  or  to  the 

estimation by the oncologists (see 4.2.3).  Figure 21 shows the mean dose to the liver, 

and the EUD for all the tumours in our study. To predict good clinical outcome it is 

desirable to have a low mean dose to the normal liver, while achieving a high target 

EUD. It seems that a large mean liver dose limits the target dose that can be delivered 

safely.

Figure 21: The mean dose to the normal liver and the EUD for all the tumours

A number of small tumours in our study have been prescribed a very low dose; see 

Figure 10, Figure 15 and Figure 16. In some cases this can be explained by the location 
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of the tumour, close to an organ at risk such as the kidney or the duodenum. In other 

cases the general condition of the patient might have prevented a high dose treatment.

4.4 UNCERTAINTIES

4.4.1 Uncertainties in input data

Since the liver  excluding the CTV had to represent  the normal liver  volume in our 

study, instead of the liver excluding the GTV as in the study of Dawson et al (2002), the 

doses  to  the  normal  liver  were  underestimated.  Other  factors  influencing  the 

uncertainties in the doses are breathing motions during treatment (enhanced by sharp 

gradients around the target), and the overestimation of the dose around the tumour by 

the pencil beam calculation method employed by the treatment planning system TMS 

(Lax et al 2006).

The  risk  for  toxicity  is  influenced  by  factors  such  as  previous  irradiations  or  liver 

resection, ongoing chemotherapy and the general condition of the patient. Therefore the 

fact  that  the  collection  of  clinical  data  has  not  yet  been  completed,  introduces  an 

uncertainty in the comparison of our results with published NTCP estimations, that are 

calculated based on a patient series fulfilling certain criteria.

4.4.2 Validity of the LQ model for SBRT

The LQ model ignores the overall treatment time, which is correct for late responding 

tissues, since they don’t respond before the treatment is concluded. This is not the case 

for tumours  and early responding tissues,  however,  which is  a  weakness of the LQ 

model  (Fowler  1989).  The application of  the  LQ model  to  SBRT data  reduces  this 

problem, compared to conventional radiotherapy, since the overall  treatment  time is 

shortened, minimising tumour regrowth during the treatment period.

The validity of the LQ model has been questioned for treatment schedules with higher 

doses per fraction (Wulf et al 2006). However there is evidence that it gives reliable 
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results for up to 23 Gy per fraction for epithelial tissues (Fowler et al 2004). The highest 

dose per fraction among the treatments in our study is 20 Gy which was given to only 

one patient. The second highest dose per fraction was 15 Gy. Thus the high doses per 

fraction in our SBRT study should not present any direct obstacle in the use of the LQ 

model, since the tissue of the liver, as well as the tissue of most liver metastases, is 

epithelial  tissue (Gunvén 2006). Higher doses per fraction result in longer treatment 

times per fraction,  though, and increased probability of intra-fractional  repair  in the 

tumour. This is not accounted for by the LQ model (Kavanagh et al 2006). It also seems 

that, at high doses per fraction, the accuracy of LQ model is dependent on the dose rate 

(Guerro and Allen Li 2004).

4.4.3 Validity of the LKB effective volume model for SBRT

The LKB model  in  itself  is  not  based on any specific  treatment  method,  but  fits  a 

normal probability function to clinical data (Ten Haken et al 1993). It may be applied to 

any method, as long as the parameters are calculated specifically from treatment data for 

that method. The model is useful in comparing different treatment plans and methods, 

but the absolute values for the NTCP have considerable uncertainties. For organs with a 

large volume effect, like the liver, the model is insensitive to the chosen value of the 

volume parameter, n, though (Kutcher and Burman 1989).

For our purposes, and with our data, the main question is whether the LQ model gives 

reliable BED values, which the effective volume calculations are based on, and how 

well  the  parameters  from  Dawson’s  study  apply  to  our  data.  However  it  is  also 

important  to  note  that  the  Veff parameter  in  the  NTCP model  can  handle  the  dose 

nonuniformities  encountered  in  SBRT.  Cold  and  hot  spots  are  taken  into  account 

correctly in the calculations (Kutcher and Burman 1989).

4.4.4 Difficulties in comparing SBRT data with Dawson’s data

In comparing our data to those of Dawson we assume that the NTCP parameter values 

for liver metastases from her study can be applied to our data, expressed in the same 

fractionation schedule as in the study of Dawson et al (2002). This study was based on 
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hyperfractionated treatments, with 1.5 Gy doses given twice a day, while our study is 

based  on  hypofractionated  treatments  with  a  variety  of  fractionation  schedules. 

However,  only one of  their  parameter  values,  n,  was used in our  calculations.  This 

parameter is a measure of the volume dependence of the organ, and we do not expect it 

to vary greatly between treatment methods. The value n = 0.97, used in our study was 

calculated by Dawson for patients treated with FUdR chemotherapy.

As pointed out before, in SBRT a large part of the liver receives low doses, while a 

small volume receives very high doses, due to the large number of beams and the rapid 

fall off of dose outside the target. Therefore the liver as a whole is largely spared from 

damage,  even  though  the  mean  liver  dose,  compared  to  conventional  radiotherapy 

treatments, would predict a higher risk for toxicity. Consequently the mean liver dose 

and the effective volume overestimate the risk for liver toxicity for SBRT. Therefore it 

might be that Dawson’s iso-NTCPs in  Figure 8,  Figure 9 and  Figure 10, and the risk 

curve in Figure 7 exaggerate the risk of toxicity for our SBRT data.
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5 CONCLUSIONS

A thorough description and analysis of the dosimetric data from patients treated with 

SBRT for  liver  tumours  at  Karolinska  University  Hospital,  between  July  1993  and 

October  2004,  has  been  presented.  The  differences  in  dose  distributions  in  the 

uninvolved liver volume, as well as in doses to the target, show that the treatments were 

highly individualised.

Several  different  studies  on  liver  toxicity  have  been  published,  and  a  comparison 

between our treatments and the results in theses studies was possible. The mean doses to 

the uninvolved liver predicted that 20 treatments out of 71 gave a risk of RILD higher 

than  50%,  when  compared  to  Dawson  and  Ten  Haken’s  results  (2005).  The  LKB 

effective volume calculations predicted that 18 treatments gave a risk of RILD higher 

than 50%, when compared to the results  of Dawson et  al  (2002).  According to the 

critical volume model and the parameter values of Schefter et al (2005), our data predict 

that 10 of the treatments gave a risk of liver function failure, to an unspecified risk 

level.

When it comes to local control of liver tumours, not much is found in the literature. 

Among  our  treatments  the  mean  EUD  for  the  CTVs  is  91.3  Gy  (26.7-213  Gy), 

expressed in 2 Gy fractions. Out of 82 targets 18 CTVs received an EUD lower than the 

prescribed dose.
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