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ABSTRACT 
Dose in radiation therapy has been reported as the water-equivalent dose using conventional dose calculation 
algorithms. The Monte Carlo (MC) algorithm employs characterization of human tissues by elemental composi-
tion and mass density. It enables more accurate dose calculation for radiation therapy treatment planning and 
typically reports absorbed dose to medium. Whether one should use dose to medium or tissue (Dm) in place of 
dose to water (Dw) for MC treatment planning remains the subject of debate. The aim of the current study is to 
evaluate the differences between dose-volume indices for Dm and Dw MC-calculated IMRT plans. Thirty-seven 
spine patients were selected for this study. The IMRT optimization and MC calculations were performed using 
the iPlan RT DoseTM ver 4.1.2 (Brainlab, Munich, Germany) treatment planning system (TPS) with an X-ray 
Voxel Monte Carlo (XVMC) dose calculation engine. Dw and Dm results for target and critical structures were 
evaluated using the dose-volume-based indices. Systematic differences between dose-volume indices computed 
with Dw and Dm were up to 5.2%, 4.2%, and 4.5% for D2, D50 and D98 indices of the clinical target volume 
(CTV), respectively and up to 1% for the critical structure dose indices. Our study demonstrates that employing 
Dm in place of Dw in MC-calculated IMRT treatment plans introduces a significant systematic difference in tar-
get DVHs. We recommend that for diffused target structures (such as spine tumors), dose to water is a better 
quantity for dose prescription in photon beam treatment planning using existing MC TPS. While for critical 
structures, it would be reasonable to report Dm always. However in future with the availability of finer spatial 
resolution, Dm will be the most suitable variable for both target and critical structures’ dose prescription and 
reporting in MC treatment planning. 
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1. Introduction 
Conventional dose calculations for photon beam radia-
tion therapy including both simple correction-based al-
gorithms and model-based algorithms typically report the 
absorbed dose to water, Dw i.e. energy absorbed in a 
small cavity of water divided by the mass of that cavity. 

This reporting in terms of Dw is due partly to the histori-
cal development of treatment planning algorithms as well 
as the fact that accelerator and ionization chamber cali-
bration protocols are based on Dw [1-3]. The input data 
used for treatment-planning system (TPS) commission-
ing are generally dose profiles and output factors meas-
ured in water phantoms. The assumption that the patient 
body is water is a good first approximation as water *Corresponding author. 
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makes up the bulk of the volume of cells and body fluid 
and most biological tissues (with a few exceptions such 
as compact bone, tooth enamel and lung) have radiation 
properties similar to those of water [4-6]. 

Instead of treating human tissues as water of various 
densities as in analytical algorithms, the Monte Carlo 
(MC) algorithm employs characterization of human tis-
sues by elemental composition and mass density. Con-
sequently, it provides the most accurate dose calculations 
allowing all material specific electromagnetic and nu-
clear interactions [6-9]. Since particle transport simula-
tions occur in materials representative of patient media, 
MC dose calculation engines calculate dose to medium 
or tissue (Dm) i.e. energy absorbed in a small tissue ele-
ment divided by the mass of tissue element [10-15]. 

In order to compare MC Dm algorithms with conven-
tional Dw algorithms, a method to convert Dm to Dw is 
required. Siebers et al. developed a procedure that con-
verts Dm to Dw using stopping power ratios, based upon 
the Bragg-Gray cavity theory for MC-based calculations 
[16]. 

As one has to compromise the accuracy and informa-
tion of the MC results by converting them to Dw, most 
physicists believe that Dm is the preferred parameter for 
treatment planning, and that it should replace Dw. 
Whether one should use Dm in place of Dw directly in 
clinical prescriptions remains the subject of debate and 
there are strong arguments both for using Dm or Dw. 

Different clinical calculation methods may yield dif-
ferent quantities related to the absorbed dose for a given 
tissue and any significant differences between Dw and Dm 
might lead to the change of dose prescription [4,17-19]. 
A clinical decision has to be made during radiotherapy 
treatment planning as to whether one should prescribe 
the dose to the target volume that contains different bio-
logical media using Dm or the converted Dw [20].  

Studies comparing Dm with Dw have been conducted 
for photon dose calculations. It has been shown that for 
soft tissues the difference may be in the order of 1% - 2% 
[16,21]. However, for higher density materials, such as 
cortical bone, the difference can be as large as 15%. 
Dogan et al. demonstrated that converting Dm to Dw in 
MC-calculated IMRT plans introduces a systematic error 
of up to 5.8% for head and neck tumors and 8.0% for 
prostate cases [19]. 

It is worth mentioning that the reported clinical data 
about Dm and Dw are limited to a few tumour sites. In 
addition, to the best of our knowledge, the comparative 
studies for Dm and Dw using a commercial MC TPS have 
not been conducted. As MC-calculation algorithms are 
being introduced into routine clinical practice [22-26], it 
has become increasingly important to know how much 
Dw and Dm differ in order to determine the significance 
of this conversion for different clinical cases. The pur-

pose of the present study was to evaluate the dose dif-
ferences in target and critical structures for Dm- and 
Dw-based spine IMRT plans using a commercial MC 
TPS. 

2. Materials & Methods 
2.1. Treatment Plan Selection 
Thirty seven patients treated for spine tumor with IMRT 
using the NovalisTM shaped beam radiosurgery unit 
(Brainlab, Munich, Germany) were selected for this 
study. Patient characteristics (Age, Gender, CTV, and 
Tumor location) are shown in Table 1. 

2.2. Treatment Planning 
3D-CT scans were performed on a 4-slice Brightspeed 
QX/i scanner (GE Medical Systems, Waukesha, WI, 
USA) with the patient in a supine position and with arms 
raised above the head. Immobilization during simulation 
and subsequent treatment was achieved by using a Vac-
uum-Type immobilization and Thermo Plastic type de-
vice. The CT images were acquired with a slice thickness 
and spacing of 1.25 mm and with gantry rotation time of 
1.0 second. 6 MV photon beams were used for the IMRT 
treatment planning. For the spine cases evaluated in this 
work, whole vertebra was delineated as CTV. The PTV 
was generated by adding a 3-mm margin to CTV and the 
isocenter was positioned at the center of the PTV. The 
critical structures included the spinal cord, esophagus, 
trachea and lung depending on the tumor location.  

Doses of 40 - 72 Gy delivered in 5 to 20 fractions, 
equivalent to BED10 (α/β = 10) (max = 107.1 Gy, min = 
65.5 Gy, median = 78 Gy) were prescribed with the fol-
lowing planning objectives:  

PTV: D95% > 95% and V95% > 95%, i.e. 95% of 
PTV volume should receive at least 95% of the pre-
scribed dose; Spinal cord: D0.1 cc < 100 Gy (BED2 (α/β 
= 2)), i.e. a volume receiving 100 Gy (BED2) should be 
less than 0.1 cc to avoid radiation myelopathy [27]. 

Multiple coplanar and non-opposing beams were uti-
lized with different angles depending on the tumor  
 

Table 1. Patient characteristics. 

Patient (n) 37 

Age (y) 68 (34 - 85) 

Males: Females 20:17 

Clinical target volume (cc) 73.14 (13.36 - 154.0) 

Target location  
Upper Thoracic (Th1 - Th6) (n) 21 

Lower Thoracic (Th7 - Th12) (n) 16 
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location. The IMRT optimization and MC calculations 
were performed using the iPlan RT DoseTM ver 4.1.2 
(Brainlab, Munich, Germany) TPS with an X-ray Voxel 
Monte Carlo (XVMC) dose calculation engine.  

A nominal value of 1% of the maximum dose mean 
variance per beam was used for all MC dose calculations, 
leading to a <1% statistical uncertainty in the dose to the 
targeted tissues. The spatial resolution was set at 2.0 mm 
for all calculations. It has been shown that an overall 2% 
statistical uncertainty has minimal effect on DVHs, and 
these statistical values are adequate for dose–volume 
analysis [28,29]. 

2.3. Plan Analysis 
The MC-calculated Dm- and Dw-based plans were evalu-
ated quantitatively using the dose-volume-based indices: 
doses received by 2%, 50% and 98% of the target vo-
lumes (D2, D50, and D98), doses received by 2% of the 
critical structure volumes (D2), and doses to the 0.1 cc, 
0.5 cc, and 1 cc (D0.1 cc, D0.5 cc, and D1 cc) of the 
critical structures. The mean, standard deviation and 
range of percent differences in dose-volume indices were 
calculated. The Dm- and Dw-based isodose distributions 
and DVHs for one of the cases are presented to demon-
strate the significant differences. The differences be-
tween Dm- and Dw-based dose distributions are also cal-
culated using an in-house developed system. 

3. Results 
Our study describes the differences of the MC-calculated 
IMRT plans using Dw- and Dm-based evaluation for thirty 
seven spine tumor patients. The isodose distributions 
through a transverse patient slice and DVHs for one of 
the IMRT plans are shown in Figure 1. As shown in 
Figures 1(a) and (b), the 110% isodose line is missing in 
Dm plan, while it covers a considerable part of the target 
in Dw plan. The 108%, 106%, 104% and 102% lines also 
vary noticeably between the two dose distributions. This 
isodose line shift is due to the fact that the target tissues 
infiltrate the high density bone content of vertebra. Fig-
ure 1(c) shows that employing Dm in place of Dw shifts 
the resulting DVHs for the target volumes by about 5%, 
and for the critical structures by about 1%. Figure 2 
shows the MC-based Dw and Dm differences expressed in 
terms of isodose distributions and DVH for the same 
patient plan. A maximum difference of ~11% can be 
observed on the scale of 100% = 3 Gy. 

The ranges of percent differences in dose-volume in-
dices, evaluated for Dw and Dm for thirty seven spine 
cases, are summarized in Table 2. Figure 3(a) shows the 
variations of the D2, D50 and D98 indices of the CTV in 
terms of Dw/Dm for all patients. In all cases, the syste-
matic differences between Dw- and Dm-based D2 ranged  

  
(a)                          (b) 

 
(c) 

Figure 1. The MC-based dose-to-water (Dw) and dose-to- 
medium (Dm) results for one of the spine patient plans: (a) 
Dw; (b) Dm and (c) DVH comparison. 
 

 
(a) 

 
(b) 

Figure 2. The differences between dose-to-water (Dw) and 
dose-to-medium (Dm) expressed in terms of (a) isodose dis-
tributions and (b) DVH for the same patient plan. 
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(a)                                                         (b) 

  
(c)                                                         (d) 

Figure 3. Variations of Dw/Dm of (a) D2, D50 and D98 of CTV, D2, D0.1 cc, D0.5 cc and D1 cc of (b) Spinal cord; (c) Esopha- 
gus and (d) Trachea. 
 
Table 2. The mean (standard deviation) and range of percent differences in dose-volume indices evaluated for Dw and Dm for 
thirty seven spine IMRT cases. Numbers in square brackets indicate the range. 
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CTV 2.7 (0.9)  
[0.7 - 4.5] 

2.9 (0.6)  
[1.7 - 4.2] 

3.2 (0.7)  
[2.2 - 5.2] - - - - 

Spinal Cord - - 0.9 (0.4) 
[0.0 - 1.9] 

0.9 (0.4) 
[0.2 - 1.9] 

0.9 (0.3) 
[−0.1 - 1.3] 

0.9 (0.3)  
[0.1 - 1.6] - 

Esophagus - - 0.5 (0.7) 
[−1.3 - 2.5] 

0.6 (0.6) 
[−0.70 - 1.9] 

0.6 (0.6) 
[−0.6 - 1.9] 

0.5 (0.6)  
[−0.7 - 1.67] 

0.2 (0.7) 
[−2.0 - 1.4] 

Trachea - - −0.8 (1.0) 
[−3.4 - 1.4] 

−0.8 (0.8) 
−2.1 - 0.9] 

−1.1 (0.8) 
[−2.9 - 0.5] 

−0.9 (0.8) 
[−2.7 - 0.1] 

−1.0 (0.8) 
[−2.9 - 0] 

 
from 2.2% to 5.2% with an average of 3.2%. For all pa-
tients, the systematic differences between Dw- and Dm- 
based CTV D50 ranged from 1.7% to 4.2% with an av-
erage of 2.9%. The systematic differences between Dw 
and Dm-based CTV D98 ranged from 0.7% to 4.5% with 
an average of 2.7% for all cases. The large systematic 
shift is attributed to high bone content in the CTV. 
Figure 3(b) shows the variations of the Dw- and Dm- 
based D2, D0.1 cc, D0.5 cc and D1 cc indices of the 
spinal cord for all patients. The average systematic dif-
ferences were within 0.9%. This small difference is due 

to the fact that spinal cord consists of soft tissues with no 
direct interfaces with bone. 

Figure 3(c) shows the variations of the Dw- and Dm- 
based D2, D0.1 cc, D0.5 cc, and D1 cc indices of the 
esophagus for thirty five patients. The average systematic 
differences were within 0.6%. This minimal difference 
can be attributed to the cumulative effect of air-soft tis-
sue and bone-soft tissue interfaces. Figure 3(d) shows 
the variations of the Dw- and Dm-based D2, D0.1 cc, D0.5 
cc, and D1 cc indices of the trachea for twenty patients. 
The average systematic differences were within −1.1%. 
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This negative difference is due to the air-soft tissue in-
terfaces all around the trachea. 

Figure 4 shows the Dw/Dm as a function of the mean 
CT value of CTV. With a p-value < 0.05, a significant 
linear correlation between Dw/Dm and mean CT value can 
be observed.  

Note that for CTV, the wide ranges of dose-volume 
indices may be attributed to the variations in physical 
density. For high mean CT values, the absorbed dose to 
water is generally high. Nevertheless, it might also de-
pend on treatment plan and delivery. Wide ranges of 
dose-volume indices for esophagus and trachea are due 
to the fact that for different cases, these structures have 
dissimilar interfaces with surrounding organs. However, 
for all cases spinal cord has nearly identical surroundings, 
resulting in narrow ranges of dose-volume indices. 

4. Discussion 
Traditionally, Dw has been reported for dose computa-
tions in radiation therapy with high-energy photon beams. 
Treatment planning employing MC techniques allows the 
radiation transport and energy deposition in patient rep-
resentative media and the absorbed dose reported in this 
process can be either the Dm, or the Dw [30]. 

Whether one should use Dw or Dm for MC treatment 
planning is still a controversial topic. Supporters of Dm 
claim that dose to the tissues of interest is the quantity 
inherently computed by MC dose algorithms and the 
rationale for converting Dm back to Dw is driven solely 
by the desire to comply with tradition. They argue that 
there is an increased uncertainty and complexity arising 
from the introduction of an additional quantity for calcu-
lating Dw [16,20]. They also state that the clinical impact 
of switching from Dw to Dm is not expected to be signifi-
cant, mainly because most tissues of interest in radiothe-
rapy are similar to water. On the other hand, those who 
advocate for the usage of Dw argue that all historical 
clinical experience and modern dosimetry protocols are  
 

 
Figure 4. Dw/Dm as a function of the mean CT value of CTV. 
The line shows a linear fit through the data. 

Dw-based and the medium employed to report the ab-
sorbed dose is always uncertain because the exact com-
position is not known for real patients [3,18,20]. They 
further state that tumor cells embedded within a medium 
are more water-like than medium-like and may thus be 
modelled as a water cavity within the medium. The 
AAPM TG 105 report recommends that TPS make both 
Dw and Dm options available for dose reporting [6]. 

Ma et al. demonstrated that conventional photon dose 
calculation algorithms compute doses using water with 
different electron densities, which are close (<4% differ-
ences) to doses to media, as computed by MC, but sig-
nificantly different (up to 11%) from doses to water 
converted from doses to media [30]. They suggested that 
for consistency with previous radiation therapy expe-
rience, MC photon algorithms report dose to medium for 
radiotherapy dose prescription, treatment plan evaluation 
and treatment outcome analysis. Walters et al. suggested 
that it is better to specify Dw than Dm in MC treatment 
plans since Dw provides a better estimate of dose to sen-
sitive skeletal tissue [31]. 

To appraise the significance of Dm to Dw conversion, 
we evaluated the differences between Dw- and Dm-based 
MC dose calculations for a large set of clinical cases. In 
this work, the MC algorithm was used to calculate the Dw 
and Dm for all of the plans using a commercial TPS. Our 
study shows that conversion from Dm to Dw in MC-cal- 
culated spine IMRT treatment plans introduces signifi-
cant differences in target DVHs ranged from 2.21% to 
5.18%. For critical structures, however, the average dif-
ferences between Dw and Dm are within 1%. 

Dose to water is substantially larger compared to dose 
to medium for tumor cells infiltrated in bony tissues. 
This is due to the fact that high density bone causes a 
higher fluence of secondary electrons in the water cavity 
and consequently a higher dose is deposited compared to 
the case of the cavity filled also with bone. The dose to 
water should be selected for soft tissue cells within a 
bony structure and dose to medium is a better option to 
know the average dose within the whole voxel. 

The aim of the prescribed dose is to deliver a lethal 
dose to the tumor cells with a retrievable damage to the 
normal cells embedded in the tumor. Dw-based treatment 
planning yields to the clinical prescription for the cells 
embedded in heterogeneous tissues such as lung or bone. 

The CT number to medium-type conversion has a sig-
nificant uncertainty due to CT partial volume effect and 
the mixture of biological tissues such as air, soft tissue 
and compact bone inside a dose calculation voxel [6,8, 
31-34]. For cells embedded in heterogeneous tissues, 
accuracy of computed dose is strongly affected by the 
size of internal MC dose computation grid. 

We have been using Dm in MC treatment planning for 
all tumor sites as routine clinical practice. However, 
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based on our results and above discussion we recom-
mend that for diffused target structures (such as spine 
tumors), dose to water is a better quantity for dose pre-
scription in photon beam treatment planning using cur-
rently available MC TPS. While for critical structures, it 
would be reasonable to report Dm always. 

There is also an issue of selecting a better quantity for 
future radiotherapy dose prescription and reporting. With 
the innovation of advanced technologies in radiotherapy, 
if finer spatial resolution is made available, i.e. the size 
of the dose computation grid is significantly reduced to 
recognize the subvoxel structures, Dm will be the most 
suitable and natural approach for both target and critical 
structures’ dose prescription and reporting in MC treat-
ment planning. 

5. Conclusion 
In this study, we have investigated the differences be-
tween Dw- and Dm-based spine IMRT plans using a 
commercial MC TPS. Our data shows that for the target 
cells with a diffused pattern in bony anatomy, dose to 
water can be higher by ~5% compared to dose to medium. 
Our results suggest that dose to water is more appropriate 
for dose prescription in target cells embedded in hetero-
geneous tissues using current photon beam MC TPS. 
However, in future with finer spatial resolution available, 
Dm will be the preferred option to achieve the greatest 
accuracy in dose calculation for both target and critical 
structures. 
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