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Abstract
Purpose To show the feasibility of 3D-printed fixation masks for whole brain radiation therapy in a clinical setting and 
perform a first comparison to an established thermoplastic mask system.
Methods Six patients were irradiated with whole brain radiotherapy using individually 3D-printed masks. Daily image 
guidance and position correction were performed prior to each irradiation fraction. The vectors of the daily position correc-
tion were compared to two collectives of patients, who were irradiated using the standard thermoplastic mask system (one 
cohort with head masks; one cohort with head and neck masks).
Results The mean systematic errors in the experimental cohort ranged between 0.59 and 2.10 mm which is in a comparable 
range to the control groups (0.18 mm–0.68 mm and 0.34 mm–2.96 mm, respectively). The 3D-printed masks seem to be 
an alternative to the established thermoplastic mask systems. Nevertheless, further investigation will need to be performed.
Conclusion The prevailing study showed a reliable and reproducible interfractional positioning accuracy using individually 
3D-printed masks for whole brain irradiation in a clinical routine. Further investigations, especially concerning smaller target 
volumes or other areas of the body, need to be performed before using the system on a larger basis.
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Introduction

Accurate patient positioning and fixation are crucial in con-
formal radiotherapy to guarantee the best possible dose cov-
erage in the target region while sparing healthy tissue. In 
particular, this applies to tumors in the head and neck area 
where many radiosensitive organs-at-risk (OAR) are found 
in close proximity, e.g., the brain stem, the optic system, or 
the pituitary gland [3, 11, 21]. In an era of high conformal 
radiotherapy with steep dose gradients a higher sensitivity to 
setup uncertainties arises. Therefore, accurate patient posi-
tioning is more important than ever before [9, 10].

Currently, most patients undergoing radiotherapy of the 
brain or head and neck region are immobilized using ther-
moplastic mask systems [17]. Other devices like scotch cast 
masks are rarely used in current times. The most impor-
tant feature of all those devices is to create a reliable inter- 
and intrafractional positioning accuracy, which has been 
evaluated before with inaccuracies < 5 mm [2, 6, 8, 20]. 
Though the most commonly used thermoplastic mask sys-
tems are a reliable and safe immobilization device, they are 
prone to trigger stress or fear. According to Nixon et al., 
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approximately 26% of patients suffer from anxiety concern-
ing the mask system [15, 16, 19]. In our experience, even 
non-claustrophobic patients experience problems as they 
often report that the masks are uncomfortable. Especially 
pressure or even pain in the area of the nose or forehead 
is often described. In radiation oncology, where there have 
been dramatic changes concerning automation and technical 
innovations, the creation of the thermoplastic masks is still 
a manual process which requires storage space, material, 
and, most importantly, human resources. While 3D-printing 
is implemented in many industrial branches for the crea-
tion of cost-effective production of individual 3D-objects 
[1], even in the field of medical applications [18], it is still 
used only scarcely in radiation oncology. The most com-
mon applications are the creation of custom beam range 
modulation devices [4, 13], devices for dosimetry [7, 22], 
or brachytherapy applications [5, 14]. With the huge poten-
tial of 3D-printing, it may be possible to overcome some 
of the abovementioned disadvantages of the currently used 
fixation systems. The production of these new innovative 
fixation systems in our department has been described before 
[10]. While the preceding study focused on the creation and 
position accuracy of this innovative fixation device, the pre-
vailing study is the first to test the new fixation device in a 
clinical setting as an individual treatment on a small cohort 
receiving whole brain radiotherapy (WBRT). In terms of 
translation from bench to bed, this is a crucial step and indis-
pensable concerning a possible regular use in therapy. To the 
best of our knowledge, our group is the first to have devel-
oped an innovative and practicable repositioning system 
using a 3D-printer, which has been validated in a proband 
trial and has now been used in a clinical setting for the first 
time [10].

In the present study, we compare a small cohort of 
patients undergoing whole brain radiotherapy in the new 
mask system to patients undergoing radiotherapy in a stand-
ard system in the same clinical setting.

Material and methods

Six patients (all women) with the indication for WBRT 
received an individual mask system created in the previously 
described technique [10]. Using those individual masks, a 
planning CT scan was performed using a Siemens Somatom 
Sensation Open CT system (Siemens, Erlangen, Germany). 
Treatment planning was performed using the tomotherapy 
planning station (Accuray, Sunnyvale, CA, the USA). The 
fact that only women were treated with the new mask sys-
tem was by coincidence. All eligible patients were offered 
the study treatment, and the first to consent was all women.

All patients underwent WBRT with 10–12 fractions on 
a tomotherapy unit. MV-CT scans for position verification 
were performed before each fraction and compared to the 
initial planning CT scan. Position correction was performed 
in a two-step process. First an automatching using the pro-
vided bony match algorithm in the software was performed. 
After a careful review of the automatching result—if nec-
essary—a manual 4-DOF (degrees of freedom) correction 
was performed by the technicians according to the in-house 
standards. The corresponding lateral (x), vertical (y), lon-
gitudinal (z), and rotational correction vectors were noted 
after each fraction. The matching results were printed out 
and checked by a physician on a regular basis.

To compare correctional vectors, two retrospective con-
trol groups were established. To possibly minimize con-
founders concerning the workflow (i.e., positioning, plan-
ning, image registration) and concerning different teams 
of technicians, we selected patients that were treated at the 
same machine as the experimental group. The first group 
consisted of the chronologically last ten patients who under-
went WBRT in 10–12 fractions at the same machine using a 
standard thermoplastic head fixation system.

For better comparability, a second control group was 
established, consisting of ten patients who underwent radio-
therapy of the head and neck area in 12–25 fractions using 
a shoulder fixating thermoplastic mask system. For that, we 
also selected the chronologically last patients.

For both control groups, daily MV-CT scans were per-
formed as well. The matching was performed in the same 
way as in the experimental group, and the vectors were noted 
and compared to those of the experimental group using the 
3D-printed fixation system.

We compared the absolute values of the correctional vec-
tors to avoid possible confounders (i.e., wrong positioning of 
the headrest, wrong calibration of the machine table) using 
descriptive statistics. As the head and neck patients mostly 
received more than 10 fractions, we only took the first 10 
fractions into account, as the correction vectors tend to be 
bigger toward the end of the treatment due to side effects like 
weight loss or swelling [12].

The process of the mask production has been described 
before [10]. The mask system consists of two parts: the indi-
vidual mask itself and a headrest. Based on image data, an 
individual mask was produced for each patient, while the 
headrest was standardized. The headrest can be connected 
to the treatment table using indexing bars which connect to 
special bores on the bottom side of the headrest. The upper 
side provides a frame with a latching mechanism to fasten 
the individual mask.

For the mask production, an individual MRI of each 
patient was performed while using a reusable standard-
ized headrest. Initial imaging was performed using a 
Magnetom Avanto 1.5 T MRI system (Siemens, Erlangen, 
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Germany) equipped with a 12-element head matrix coil 
and 4-element neck matrix coil combination. Within 
about 6 min, a single sagittal image stack in a stand-
ard T1-weighted magnetization-prepared rapid gradi-
ent echo sequence (MPRAGE) was acquired. Based on 
the MRI-dataset, an individual 3D-mask was printed 
using acrylonitrile butadiene styrene (ABS) plastic in 
fused deposition modeling (FDM) technique, using an 
in-house developed software and a Stratasys Dimension 
SST1200es 3D-printer (Stratasys, Eden Prairie, MN, the 
USA). The masks had a thickness of 1.5 mm and were 
reinforced by an additional 1 mm around the apertures 
and the outer mask parts (Fig. 1). The backside of the 
mask is compatible to the abovementioned headrest.

Results

In order to show the displacement, the absolute values of the 
lateral (|Δx|), vertical (|Δy|), longitudinal (|Δz|) correction 
were calculated. The mean values with standard deviation 
are listed in Table 1. In addition, the length of the three-
dimensional translation vector ( ��

�
t⃗
�
�
�
=
√
Δx + Δy + Δz ) was 

calculated, and the mean values ( 1
n

∑n

i=1
vi with n equal to 

the number of measurements for each group accordingly and 
v as placeholder for the desired correction value) with stand-

ard deviation ( 
�

∑n

i=1 (vi−v)
n−1

 with v as mean value) for each 

group are also listed in Table 1. Also, the non-absolute val-
ues for the above were calculated and are listed in Table 2. 
As for the small group size, it is not feasible to make a sta-
tistical relevant split between random and systematic error. 
As an estimation if there was any systematic error, we cal-
culated the non-absolute values. Theoretically with a big 
enough group size the value this correction converges to 
would show if there was any shift in the data if not converg-
ing to 0. (e.g., if y correction would converge to − 3 we could 
speak of an existing systematic error). The absolute correc-
tion on the other hand is showing the error of our fixation in 
general. The smaller it is, the better. For our test group, the 
mean offset was 4.66 mm (std.dev. 1.65 mm), for the WBRT 
control group we did find 3.61 mm (std.dev. 1.80 mm) and 
for the head and neck control group 4.29 mm (std.dev. 
1.43 mm).

Because the test group only included six patients, the 
mean values were susceptible for statistical stray. For a bet-
ter comparability, we also listed the range of the correction 
values in Table 3. translational systematic errors in that vol

The mean values for the length of the translation vector 
and the rotation correction of each patient are both plotted 
in Figs. 1 and 2.

Fig. 1  Example for the produced masks

Table 1  Average values for absolute lateral (|∆x|), vertical (|∆y|), longitudinal (|∆z|), and rotation correction (roll), as well as the average length 
for the translational vectors ( ||

|
t⃗
||
|
)

|Δx| [mm] |Δy| [mm] |Δz| [mm] Rotation [°] ||
|
t⃗
||
|
[mm]

Test group 1.86 ± 1.26 2.91 ± 2.03 2.28 ± 1.32 0.41 ± 0.60 4.66 ± 1.65
Wbrt control group 0.90 ± 0.75 1.90 ± 1.53 2.28 ± 1.97 0.63 ± 0.82 3.61 ± 1.80
Head and neck control group 1.26 ± 0.99 1.58 ± 1.25 3.30 ± 1.76 0.58 ± 0.78 4.29 ± 1.43

Table 2  Average values for non-
absolute lateral (∆x), vertical 
(∆y), longitudinal (∆z), and 
rotation correction (roll)

Δx [mm] Δy [mm] Δz [mm] Rotation [°]

Test group 0.59 ± 2.18 1.31 ± 3.31 2.10 ± 1.61 0.59 ± 0.72
Wbrt control group 0.18 ± 1.16 0.68 ± 2.35 0.22 ± 3.01 0.18 ± 1.02
Head and neck control group 0.34 ± 1.57 0.26 ± 2.00 2.96 ± 2.28 0.34 ± 0.94
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Discussion

The prevailing study showed the practicability of the mask 
system in a clinical routine. Furthermore, the position-
ing was reproducible and within the range of expectancy 
concerning the positioning uncertainties. Before using 
the mask system in a clinical setting, the practicability 
was tested in an experimental setting using volunteers 
[10]. The translational systematic errors in that volun-
teer study ranged between − 1.8 and 2.4 mm which is in 
the range of expectancy of thermoplastic masks and the 
reason for translating the system in a clinical setting [2]. 
Those results were confirmed by the prevailing study, 
which showed an absolute systematic error in the range 
of 0.59 mm–2.10 mm. It seems that the 3D-printed masks 
have a reliable accuracy which is rather close to the accu-
racy of the established mask systems. No additional fitting 
sessions were necessary between the printing process and 
the treatment start (Fig. 3).

To the best of our knowledge, this is the first study to 
use 3D-printed head fixation systems in a clinical setting 
for WBRT. The current study shows that the 3D-printed 
immobilization devices have a good interfractional reposi-
tioning accuracy. A sufficient and reliable accuracy could 

be seen in all of the six-treated patients. Considering the 
deviation vectors of established solutions, those of our 
experimental system appear to be slightly bigger, with 
the biggest deviation in the vertical direction. No clini-
cal explanation for this phenomenon could be found and 
it may be biased due to the small patient number. This 
will be subject to further investigation. In any case, a high 
level of cautiousness is mandatory in terms of compara-
tive assessment of positioning accuracy. This high level 
of cautiousness is also the reason why only six patients 
were treated with the new mask system. Concerning the 
small sample size in the experimental group as well as 
the standard group(s) we did not aim for showing any sig-
nificant differences. The results should be interpreted as 
a cautious comparison of the innovative new system to 
an established system. Further investigations with larger 
groups are mandatory before using the new system in a 
clinical routine. Nevertheless, as the results are within the 
millimetric range, the new mask system proved to be reli-
able without drastic and possibly dangerous interfractional 
position changes and the next step of testing the system in 
a bigger number of patients seems to be reasonable.

In the prevailing study, we were only able to assess inter-
fractional positioning accuracy. With the abovementioned 
resources of the standard MV-CT scan of the tomotherapy, 

Table 3  Minimum and maximum values for lateral (∆x), vertical (∆y), longitudinal (∆z) and rotation correction (roll)

Min Δx [mm] Max Δx 
[mm]

Min Δy [mm] Max Δy 
[mm]

Min Δz [mm] Max Δz 
[mm]

Min rota-
tion [°]

Max 
rotation 
[°]

Test group − 5 4 − 9 6 − 6 3 − 2 2
Wbrt control group − 2 3 − 7 5 − 5 9 − 4 3
Head and neck control group − 3 4 − 6 6 − 4 7 − 3 3

Fig. 2  Mean values with 
standard deviation of each 
patient for translation vector 
length ( ||

|
t⃗
||
|
)
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Transla�on vector length ( |⃗| ) in [mm]
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an evaluation of the intrafractional positioning accuracy was 
not possible. As the interfractional accuracy as shown to be 
reliable, it could be extrapolated that intrafractional accu-
racy is also acceptable. Nevertheless, as no post-treatment 
or mid-treatment scans have been performed, this hypothesis 
cannot be proven and will be subject to further investiga-
tion. Regarding dosimetric differences, the possible varia-
tions should be covered by the normally applied PTV safety 
margin and should not make any significant difference in 
big target volumes like a WBRT [21]. Concerning smaller 
highly conformal target volumes (e.g., stereotactic radio-
surgery) further investigations and validations need to be 
performed before taking the next step from bench to bed.

Because of mask design and further possibilities in 
individualization (e.g., bigger holes for eyes, mouth, and 
nose), the new 3D-printed mask systems have potential in 
increasing patient comfort in comparison to the standard 
thermoplastic mask systems [15, 16]. In addition to that, 
the uncomfortable part in the creation process where the wet 
blank is pulled over the patients’ face is redundant. Espe-
cially patients who suffer from claustrophobia could benefit 
from those features. As the current study was a pilot project 
that focused on practicability, no standardized assessment 
concerning patient comfort was carried out. This will be 
subject to further investigations.

Furthermore, the creation process can be automatized, 
as the patient does not need to be present in the creation 
process as with the thermoplastic head masks. After taking 
the needed information the mask can be printed and will be 
ready when the patients arrive for their planning CT scan. 
This could be of benefit in the clinical routine, as the time 
intervals for the planning CT scan can be shorter that with 

the creation process of the conventional thermoplastic mask 
systems.

In terms of the clinical workflow, the headrest system 
could be applied very easily, the patient positioning on the 
accelerator couch was comparable to the one using ther-
moplastic masks with the click-in mechanism between the 
mask and the headrest. As the handling of the mask system 
does not differ much from the standard thermoplastic mask 
system, it was described as practicable by the technicians at 
the machine. In our daily routine, we did not need to reserve 
longer time slots for the patients with the new mask system. 
In terms of the important time-consumption during daily 
routine, the system seemed to be comparable to the stand-
ard thermoplastic system. Furthermore, we did not get any 
negative feedback from any of the patients treated in the 
new mask system.

As it was a pilot project, the overall clinical workflow was 
more complex than the established one using thermoplastic 
masks. The additional MRI-scan alone needs more personal 
and financial resources as well as time. We are well aware 
of those limitations and are currently trying new methods 
to optimize the workflow by using optical scanners. Like 
that the patient’s information could be acquired in the out-
patient department already, the mask could be automatically 
produced, and afterward, the CT scan could be acquired all 
in one appointment. A detailed cost-effectiveness analysis 
has not been conducted as part of this study but will be 
investigated in the future. Also, the radiotherapy of smaller 
target volumes than a WBRT should be evaluated. There-
fore, an evaluation with more patients will be necessary. 
Furthermore, an evaluation of the intrafractional positioning 
accuracy will need to be performed. Last but not least, 3D 

Fig. 3  Mean values with 
standard deviation of each 
patient for absolute rotational 
correction ( ||

|
t⃗
||
|
)

-1

-0.5

0

0.5

1

1.5

2

2.5

3

wbrt control group head and neck control group test group

Absolute rota�onal correc�on in [°]



1048 International Journal of Computer Assisted Radiology and Surgery (2021) 16:1043–1049

1 3

printing offers a broad spectrum of possibilities considering 
individual positioning of otherwise hard to fixate body parts 
like arms or legs. This will be subject to further research.

Conclusion

The current study was the first use of a 3D-printer-based 
mask system in an everyday routine patient treatment. The 
new system showed a reliable and reproducible interfrac-
tional positioning accuracy.

Of course, further investigation needs to be performed 
before the new system can be used on a regular basis.
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