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A B S T R A C T

Purpose: Pre-clinical irradiation systems use kilovoltage x-ray systems to deliver small fields of radiation in static
beam arrangements or arcs. The systems are costly and the radiobiological effectiveness of kilovoltage beams is
known to differ from the megavoltage photon beams used clinically. This work used Developer mode on the
Varian TrueBeam STx linear accelerator to create a pre-clinical irradiator capable of treating millimeter-sized
targets.
Materials and methods: A treatment field defined by a single opposed leaf pair was used to deliver arc-based
treatments. Dynamic couch trajectories were used to create a shortened virtual isocentre. Initially, a pre-treat-
ment imaging procedure was used to quantify target misalignment at control points along the arcs and determine
appropriate couch positional corrections. This was followed by the treatment arcs in which the positional cor-
rections were implemented. Monte Carlo simulations and radiochromic film were used to calculate and measure
dose distributions.
Results: A 1mm leaf separation produced the optimal dose distributions. Couch position corrections up to
2.1mm were required to maintain a target at virtual isocentre. Application of couch corrections reduced non-
coplanar arc treatments dose profile by 1.2mm at 30% of the maximum dose. Treatment of a 1mm diameter
target would result in falloff distances to the 80%, 50% and 25% of the 90% prescription line of 0.3mm, 0.5mm
and 1.3mm from the target edge respectively.
Conclusions: This work has demonstrated that it is possible to deliver highly compact dose distributions using
megavoltage photon beams from existing clinical infrastructure.

1. Introduction

High precision radiotherapy (SRS, SBRT) is a rapidly growing
component of the workload of a modern radiation oncology clinic.
Ample clinical trial data now demonstrate that the use of high-dose,
hypofractionated regimens is capable of efficiently treating small, pri-
mary and metastatic disease in the brain [1,2], spine [3], lung [4], liver
[5], pancreas [6], kidneys [7] and other sites. High rates of local control
are realized while incurring low rates of acute toxicity. The hallmarks of
SRS and SBRT treatments typically include high prescription doses
(relative to classical 2 Gy/fraction treatments), rapid dose fall off out-
side target volumes, small field sizes, reduced PTV margin expansions
and exacting standards for machine isocentre dimensions. Currently,
SRS and SBRT treatments can be treated with either MLCs or cones.

The ability to treat very small lesions is also a requirement of
modern pre-clinical irradiation platforms such as the X-RAD [8,9]

family of products (Precision X-ray, North Branford, USA) and the
SARRP that was developed at Johns Hopkins University [10–12],
among others [13–19]. Pre-clinical studies can be used to investigate
the effectiveness of new treatment approaches and may be able to im-
prove the efficiency with which such novel techniques are translated
into human patients. In order to mimic human-style radiation therapy,
however, small animal irradiation systems must be able to deliver ad-
vanced techniques such as non-coplanar arc therapies. The SARRP is
capable of producing collimated beams as small as 0.5mm in diameter.
When treatment is delivered from multiple gantry angles, the irradiated
volume can have a FWHM as small as 1.07mm [20]. Similarly, the
latest X-RAD products are capable of producing beams of 1mm dia-
meter. Both systems come with image guidance capabilities, and a tool
for platform QA has been developed for the SARRP [21].

In this work we describe methods for the delivery of very compact
radiation fields using clinical infrastructure, with beam collimation
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provided by a high-definition MLC. The motivation for this work is two-
fold. First, pre-clinical irradiators are costly and potentially not avail-
able to investigators with interests in in vivo irradiation studies in small
animals. In addition, these irradiators make use of kilovoltage x-ray
beams with known differences in biological effectiveness relative to
megavoltage beams used for clinical treatments [22–24]. For those
investigators based in a hospital setting with a radiation oncology de-
partment, this work has the potential to offer a tool to perform studies
without the requirement for additional significant capital outlay. Con-
cerns related to treating immune-compromised animals in a non-sterile
environment and potential exposure of clinical patients to animal
dander can be mitigated with good animal handling protocols and room

preparation (pre and post treatment). Second, trajectory-based radia-
tion therapy in which the couch and gantry are in simultaneous motion
will soon be a clinical reality. One of the potential embodiments of this
technology will involve bringing the patient as close as is safely possible
to the exit window of the accelerator to realize the benefits of a de-
creased projected leaf size at virtual isocentre and increased dose rate
(i.e. decreased treatment times) primarily driven by inverse square
gains. Herein we seek to answer the question: what is the smallest
target volume that can be accurately treated by an MLC-defined field?

To answer this question, we created a treatment field that was de-
fined by a single pair of opposed MLC leaves collimated with the
smallest allowable jaw-defined field and remaining MLC pairs junc-
tioned under the jaws. We characterized the planar dose distribution as
a function of leaf gap, then implemented arc-based deliveries to char-
acterize treatment dose distributions. To maximize the compactness of
the distribution, a shortened virtual isocentre was maintained in the
treatment aperture by implementing dynamic couch motions. Pre-
treatment imaging was used to implement couch position perturbations
to correct for imperfections in the circular trajectories of the couch/
collimator/gantry. Previous work by Stewart et al. has demonstrated
the importance of such couch perturbations to ensure accurate targeting
when the subject is placed at the nominal isocentre [25]. To our
knowledge, this is the first implementation of a fine couch correction
algorithm applied to a virtual isocentre that significantly differs from
that of the nominal isocentre.

2. Materials and methods

2.1. Single MLC dosimetry

The planar dose distribution for a treatment aperture defined by a
single opposed leaf pair of the NDS120HD MLC (Varian Medical
Systems, Inc., Palo Alto, CA) was measured using gafchromic film
(EBT3, Ashland Specialty Ingredients, Bridgewater, NJ) and compared
to Monte Carlo simulations using EGSnrc (National Research Council of
Canada, Ottawa, Canada). Throughout this manuscript, all field sizes
and leaf gaps are specified at nominal isocentre (i.e. 100 cm SAD). The
real gaps are reduced proportionally to the ratio of the virtual to
nominal isocentre. Leaf gaps ranging from an abutting leaf pair (0.2mm
separation at isocentre) to a 3.0mm opening were studied. All other
MLC leaves were positioned behind the 1× 1 cm2 jaw-defined field.
Distributions were measured using a sheet of gafchromic film posi-
tioned between two 30×30×5 cm3 blocks of solid water at a source-
to-surface distance (SSD) of 75 cm. Immediately following irradiation,
the film was enclosed in a sealed envelope and twelve hours were

Fig. 1. Illustration and schematic of relative motions for the source, detector and object being irradiated.

Fig. 2. Couch translations (Varian standard scale, Developer Mode) for couch
rotations of 135°, 180° and 225° and a SAD of 77 cm.
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allotted for film processing time. Films were scanned with an EPSON
EXPRESSION 10,000 XL, at a resolution of 300 dpi, with a 48 bit colour-
depth. Seven pre-scans were performed to ensure uniform heating of
the bulb within the scanner; and films were scanned at the same spatial
location on the scanner bed. Absolute dosimetry was calculated with a
triple-channel film dosimetry algorithm outlined in Mayer et al. [26].

The measured dose distributions were compared to Monte Carlo
simulation of the physical setup. Simulation of treatment head of the
TrueBeam STx platform for a 6 MV beam was provided by Varian
Medical Systems through 61 phase space files (∼50 Gb) validated
against gold beam data down to a field size of 4×4 cm2 [27]. These
phase spaces are located 73.3 cm above isocentre and served as the
input for a BEAMnrc [28] model containing the jaws, HDMLC and
Mylar exit window. These three components were modeled using exact
geometric and material specifications provided by Varian Medical
Systems. This was used as an input to DOSXYZnrc [29].

2.2. Virtual isocentre

Two 8.0 cm diameter spheres were 3D printed using polylactic acid
(PLA). The spheres were printed in two halves. For one sphere, a divot
was machined into both halves to allow a 2.0 mm ball bearing (BB) to
be inserted between them. For the second, a rectangular cavity was
removed in each, such that 37 gafchromic sheets of film
(40.0×40.0×0.25mm3 each) could be sandwiched between the two
halves. Both spheres included a handle for the purpose of attaching the
sphere to the treatment couch using a plastic extension arm (Fig. 1).
This permitted either sphere to be reproducibly attached to the arm
using two set pins and two screws.

The sphere was initially positioned at the nominal isocentre (i.e.
100 cm SAD) using the room lasers and kV-kV alignment. For sub-
sequent imaging or treatment deliveries at a shortened virtual iso-
centre, couch positions were calculated as:
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= +
= +
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Vrt Vrt cos
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iso
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where is the gantry angle (−4 364, in Varian coordinates),
Lng , Lat , Vrtiso iso iso are the initial longitudinal, lateral and vertical couch
positions and is the couch angle. The motions are illustrated in Fig. 2.
In this work we limited the couch angles to −45°, 0° or 45° (corre-
sponding to Varian coordinates of 135°, 180° and 225°, respectively –
Table 1 contains a comparison of the clinical and Developer Mode co-
ordinate scales). In an ideal mechanical system, these couch

Table 1
Varian IEC (console display) and Varian standard (Developer Mode) coordinate
scales of the relative axes of motion used for virtual isocentre.

Varian IEC
(Console Display)

Varian Standard
(Developer Mode)

Gantry Rotation 359°–0°–1° 181°–180°–179°
Couch Vertical 999–0–1 (cm) 99–100–101 (cm)
Couch Longitudinal 99–100–101 (cm) 99–100–101 (cm)
Couch Lateral 999–0–1 (cm) 99–100–101 (cm)
Couch Rotation 1°–0°–359° 181°–180°–179°

Fig. 3. Raw and convolved projections from the initialization and verification imaging arc. Crosshair is centred with respect to the centroid of the MLC field. The
apparent vertical offset of the BB from the crosshair in the verification image results from the requirement to position the BB one half MLC width (1.25mm) above the
centroid since the treatment field is defined by a single opposed leaf pair.
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translations would represent the necessary and sufficient corrections to
maintain a fixed virtual isocentre. In a real mechanical system like a
medical linear accelerator, this is not the case.

To minimize the broadening of the dose distribution caused by non-
ideal couch, MLC and gantry motions, an initialization imaging arc was

acquired in which the 2.5 MV beam was used to image the BB sphere at
unit angle gantry increments. The MLC was shaped into a diamond with
the centre leaf pair opened to 1.0 cm each and the three leaves on either
side opened to 0.25, 0.5 and 0.75 cm (Fig. 3). Similar to previous work
[30–32], in each projection the BB and field edge were automatically
detected using a maximum convolution approach. This involved using a
convolution kernel with the central pixels set to negative one and
surrounded by a one-pixel border with a positive value such that the
total value of the kernel is zero. When convolved with the projection,
the result is zero for objects larger than the BB, maximum values for
objects with the same size and shape. The resulting convolved projec-
tion was then thresholded and binarized. The centroid of the BB and
MLC field edge was then calculated and the difference between the two
taken

=x BB MLCx x

=y BB MLCy y

were BBx , BBy, MLCx and MLCy are the x-y coordinate of the BB and
MLC field centroid, respectively. The necessary couch translations were
then calculated in the non-rotated couch frame as

=
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and then transformed to the rotated couch frame
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and added or subtracted (due to the Varian coordinate system) from the

Fig. 4. Monte Carlo (color map) and film (contours) dose distributions for various single MLC leaf separation.

Fig. 5. Monte Carlo simulated dose crossline profiles of various MLC leaf se-
paration ranging from 0.2 to 3.0mm.
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original couch location
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A verification imaging arc was then acquired to verify coincidence
of the BB and MLC aperture centroid (Fig. 3). With the angle-specific
correction applied, a film dose distribution was acquired with a 1.0mm
single leaf gap using a 6 MVFFF beam, full gantry rotation and a couch
angle of zero degrees. Additionally, in a subsequent acquisition two
additional half gantry rotations with couch rotations of ±45° were
added in an attempt to reduce the non-target dose of each arc and to
increase the compactness of the high dose region.

2.3. Targeting accuracy

To examine the targeting accuracy of the technique, a single
40× 40mm2 sheet of film was placed between the two halves of the BB
sphere. On one side of the film, a 1mm diameter patient positioning BB
(SL-10, The Suremark Company, Simi Valley, CA) was attached to the
film. This 1mm diameter BB filled the divot on one half of the phantom.
The initialization imaging arc was then acquired, followed by the 6
MVFFF treatment arc. Twelve hours following exposure, the film with
attached BB was first scanned. The BB was then removed and a film-
only scan was acquired. Prior to either scan, four 0.4mm pin holes were
made in the periphery of the film to permit high-accuracy co-registra-
tion of the images. Co-registration, using translations only with mutual
information, was used to align the four pin holes in the two scanned
images. The centroid of the BB and high dose was determined using the
previously mentioned maximum convolution approach. The targeting
accuracy was defined as the distance between the respective centres of
mass of the dose distribution and the BB.

2.4. Treatment planning

Treatment deliveries with small fields and in small subjects makes
planning challenging. This is true for both megavoltage and kilovoltage
systems [33]. The use of megavoltage photons to treat targets in a small
animal like a mouse could pose challenges related to accurate dosi-
metric quantification in the buildup region of the treatment field. We
have adopted a method in which the target would be maintained at a
virtual isocentre while being housed at the center of a holder whose
dimensions are large enough to put the target beyond the depth of
maximum dose (see figures in Appendix 1). Furthermore, by making the
holder spherical, we have reduced the treatment planning problem to a
trivial superposition of a kernel. The output factor for the treatment
field (i.e. cGy/MU) was determined from calibrated Gafchromic film
using standard methods [26]. The EGSnrc model in Section 2.1 was
used to simulate the dose distribution for a single 1mm single opposed
leaf pair on an 8 cm diameter sphere of water with a voxel dimension of
0.25mm3. The dose kernel in combination with superposition was used
to calculate the dose distribution from the treatment trajectory. For
each degree of the treatment delivery, the kernel was rotated to account
for gantry, couch and collimator rotation in the sphere coordinate
system. Tricubic interpolation was used to map the rotated dose dis-
tribution on a Cartesian coordinate system and accumulated over the
complete delivered trajectory. The non-coplanar, position-corrected
delivery dose distribution (measured with gafchromic film) was com-
pared to a calculation using methods described here.

Fig. 6. Magnitude of couch lateral, vertical and longitudinal corrections for
couch rotations of 135°, 180° and 225° (Varian standard scale).

Fig. 7. Co-localization of the therapeutic dose and BB centre of mass, displayed
with two crosshairs.
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3. Results and discussion

3.1. Single field MLC leaf dosimetry

Fig. 4 shows Monte Carlo and film dose distributions for four MLC
leaf separations at SSD of 75 cm and a depth of 5 cm. Fig. 5 shows
corresponding Monte Carlo crossline profiles (i.e. in leaf motion di-
rection) for MLC leaf separations ranging from 0.2 to 3mm (at

isocentre). As demonstrated in these two figures a 1mm leaf separation
provides the most compact dose distribution with lowest peripheral
dose. As the MLC gap decreases below 1mm, the peripheral dose dis-
tribution increases with minimal effect on the dose full width at half
maximum (FWHM). This is primarily caused by a loss of lateral charged
particle equilibrium and occlusion of the primary source [34]. The
occlusion effect becomes more dominant as the field size becomes
comparable or smaller than the size of the beam spot size (FWHM less
than 2mm for TrueBeam) and will affect penumbra fall-off. As Varian
does not provide the detailed specifications of the head of the True-
Beam accelerator (to permit independent investigation of spot size ef-
fects), no further small field dosimetric validation was performed on the
linac simulation model. Above 1mm, the FWHM increases with gap
width and converges with the 1mm peripheral dose.

3.2. Dosimetric effect of image corrections

Fig. 6 shows the calculated corrections to couch motion as a func-
tion of gantry angle for couch angles of 135°, 180° and 225°. The
maximum magnitude of couch motion were 2.1 mm, 1.1 mm and
1.9mm for couch angles of 135°, 180° and 225°, respectively, while the
maximum in any one direction for all three arcs was 1.6 mm.

Fig. 7 shows the results of the targeting accuracy study in which a
sheet of gafchromic film was co-localized with a 1mm BB. The distance
between the centres of mass of the dose and the BB was 0.3 mm.

The use of megavoltage photons to deliver small fields of radiation
will never produce comparable beam penumbra characteristics to an
orthovoltage irradiation system, largely due to the relatively high en-
ergy of the Compton scattered electrons and their significant lateral
range. However, when using modern, non-coplanar arc therapies, a

Fig. 8. Relative dose distributions for non-coplanar acquisitions, with and without corrections for a 1mm leaf separation. For comparison, 0.2mm (abutting) and
3mm leaf separation is also shown. Coplanar distributions not shown.

Fig. 9. Crossline profiles for non-coplanar and coplanar dose distributions using
a 1mm MLC leaf separation, with and without image corrections.
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megavoltage photon beam is capable of producing a highly compact
dose distribution. In this work, we have shown that a radiation field
shaped by a single MLC leaf pair can effectively treat millimeter sized
targets with rapid dose fall off characteristics when dynamic couch
motions are implemented to reduce the distance between the target and
the MLC. These data can be compared with the previously reported
FWHM value of 1.07mm for the SARRP platform [20]. Furthermore,
targeting accuracy at the level of 0.3 mm can be achieved indicating
that the system has excellent potential for applications in pre-clinical
studies. Herein we have not studied the role of kilovoltage imaging in
this system, though the presence of an on board imager would certainly
facilitate such a feature.

Fig. 8 shows relative dose distributions for non-coplanar acquisi-
tions for an isocentre of 77 cm with and without corrections for the
1mm leaf gap, and with corrections for the 0.2 mm and 3mm gaps. The
effect of corrections with respect to dose compactness is readily ap-
parent for the 1mm gap films, as is the enhanced relative intensity of
the low dose wash for the 0.2mm gap. Fig. 9 shows corresponding
crossline dose profiles for coplanar and non-coplanar acquisitions using
a 1mm MLC leaf separation both with and without corrections. As
demonstrated, the application of image corrections results in a more
compact distribution. This is more significant for the non-coplanar ac-
quisition, in which doses below approximately 75% of the maximum
dose diverge from the corrected profile and add 1.2 mm to the field
width at the 30% dose level.

Fig. 10 presents differences in the 3-dimensional dose volumes be-
tween a coplanar and non-coplanar acquisition for a 1mm leaf gap. For
this analysis, the full gafchromic film stack was considered. The max-
imum dose in the distribution was taken as an average of the 75 highest
dose voxel elements (a 5× 5×3 voxel array centred on the global
maximum dose). A data point in Fig. 10a then corresponds to the total
volume of space encompassed by the isodose level (x-axis) expressed as

a percentage of the maximum dose. The same data are shown in Fig. 9b,
but the spatial metric is presented as an effective radius for the dose
cloud (this helps facilitate comparison with published results for other
small animal irradiator systems). As shown in Fig. 10a-b, above 75% of
the maximum dose, the difference between a coplanar and non-co-
planar acquisitions is minimal, however below this level the two di-
verge, and the dose fall off is significantly more rapid in the non-co-
planar delivery. Fig. 9c-d are intended to illustrate the dose fall off
characteristics of the system. For example, if one intended to treat a
target volume with a radius of 0.5 mm with the non-coplanar geometry,
the target would be covered by the 90% isodose line (Fig. 10b). Fig. 10d
can be used to gain some understanding of the rate at which the dose
falls off outside of the target volume. In the hypothetical example of a
0.5 mm radius target, the radial distance (from the centre of the dose
distribution) at which the dose would fall to 80%, 50% and 25% of the
90% prescription line would then be 0.8 mm, 1mm and 1.8mm re-
spectively (Fig. 10d). If the fall off outside the target is quantified by
subtracting the target radius (0.5mm), those values become 0.3mm,
0.5 mm and 1.3mm from the target edge respectively.

3.3. Volumetric dosimetry with MLC leaf separation

In Fig. 11, the volume receiving percentage of the maximum dose
and effective radius (assuming a spherical distribution) is shown. The
data for the 1mm gap are the same as those shown in Fig. 10a-b (non-
coplanar) and are included here for comparison with the dose volume
data for the 0.2 mm gap and the 3mm gap. For doses larger than ap-
proximately 50% of the maximum dose, the 3mm leaf separation
produces isodose volumes that are larger than the 0.2mm leaf gap.
However, below 45%, the two diverge and the enhanced low dose wash
of the 0.2mm gap produces larger isodose volumes. Below 20% of the
maximum dose the 3mm and 1mm gaps produce isodose volumes that

Fig. 10. (A) Volume and (B) effective radius receiving a percentage of the maximum dose for a coplanar and non-coplanar acquisition. (C) Volume and (D) effective
radius of an isodose cloud as a function of the prescription isodose. For example, if 10 Gy were prescribed to the 90% isodose line, the 8 Gy isodose cloud would have
an effective radius of 0.8mm (solid orange diamonds in (D)). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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begin to converge, which is consistent with the convergence of the
beam profiles observed in Fig. 5.

3.4. Treatment planning

Fig. 12 shows the comparison between calculated (i.e. Monte Carlo
kernel plus superposition) and measured film dose distributions for the
non-coplanar delivery. The measured distribution conforms to the cal-
culated distribution to within the voxel spacing used. The exception to
this is in the low dose fall-off (less than 20% of the maximum), in which
the film reports a lower dose than the Monte Carlo predicts. This is
further demonstrated in Fig. 13. For doses down to approximately 30%
of the maximum value, the distance to agreement between the mea-
sured and calculated doses is less than 0.3 mm. Below 30% of the
maximum, the distance to agreement between the profiles can be as
large as 0.6 mm, with the calculated profile being larger than the
measured profile. For the purposes of pre-clinical studies, this small
discrepancy in the low dose region is likely of little concern.

The output of the system was determined using calibrated film

Fig. 11. (A) Volume and (B) effective radius receiving a percentage of the
maximum dose for a 0.2mm (abutting), 1mm and 3mm MLC leaf separation.

Fig. 12. Calculated and corrected film percent dose distributions for a non-
coplanar delivery.

Fig. 13. Calculated and corrected film inline (a) and crossline (b) dose profiles
for the non-coplanar delivery.
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measurements. At a depth of 4 cm, the 1mm leaf gap produced an
output of 0.401 ± (0.037) cGy/MU. In the example shown in Fig. 12,
the 4000 MU used to deliver the treatment resulted in a maximum dose
(at virtual isocentre) of 1604 ± (151) cGy. Clearly the output of the
system will depend strongly on the exact separation of the leaf pair (i.e.
it would likely be insufficient to simply specify a nominal leaf gap of
1mm) and each system would require a specific calibration of the
output as well as an appropriate quality assurance program to ensure
dosimetric accuracy at the time of treatment delivery. We have eval-
uated the reproducibility of the output of the system for the 1mm
treatment field by retracting and re-asserting the MLCs and measuring
the dose with gafchromic film. In multiple series of 10 exposures (ac-
quired over multiple weeks), we found reproducibility of approximately
1% in each series (data not shown).

For the spherical phantom used, the kernel and superposition
method was sufficient for accurate dose calculation. Treatment plan-
ning with reduced or no buildup material would increase the com-
plexity and in future work, a full Monte Carlo calculation method will
be explored. Reducing the buildup material would potentially permit
the conformal targeting of even smaller tumours due to a reduction in
scatter, however, even with the current setup, we have demonstrated
the accurate targeting of millimeter-sized targets with rapid dose fall
off. Although mouse or rat bones are unlikely to significantly perturb a
dose distribution, the presence of lung tissue in the treatment field
during an arc will be studied in future work.

4. Conclusions

In this work, we have demonstrated that a clinical linear accelerator
is capable of treating millimeter-sized targets with rapid dose fall-off,
sub-millimeter targeting accuracy and biological equivalence relative to
clinical therapeutic techniques. For non-coplanar treatments, the two-
step approach utilized herein results in reduction of the dose profile by
1.2 mm at the 30% isodose level compared to an uncorrected acquisi-
tion. Additionally, for a treatment of a 1mm diameter target prescribed
to the 90% isodose line would produce falloff distances to the 80%,
50% and 25% of the 90% prescription line of 0.3 mm, 0.5 mm and
1.3mm from the target edge, respectively. These improvements are
realized without substantial changes to the clinical system; as it is al-
ready permitted by the linac platform, albeit through Developer Mode.
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Appendix 1

Example irradiator setup

The benefits of a relatively large (8 cm diameter) spherical sample holder include significant simplification of monitor unit and dose distribution
calculations, as well as the flexibility to hold the sample in a number of configurations to facilitate irradiation of targets in different parts of the
animal anatomy. By using 3D-printing techniques, the internal surfaces of the two halves of the sphere can conform to the body of the animal to
ensure reproducible positioning In the following images, the top half of the sphere has been removed for visualization purposes.

Fig. A1. Positioning of a mouse within the spherical holder for a central target.

Fig. A2. Positioning of a mouse within the spherical holder for a cranial target.
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