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Tomotherapy: 

 

In 1980s, the idea of Tomotherpay was arose by Dr. 

Thomas Mackie of the University of Wisconsin, was 

based on a linear accelerator housed within a CT unit 

capable of both imaging and treating patients. (1) The 

difference between LINACs with IMRT  and the 

helical Tomotherpay was the ability to provide even 

further improvements in radiotherapy precision, 

thereby allowing dose escalation, and possible 

reductions the overall treatment time to VMAT 

standards. device promised to deliver IMRT with 

several advantages offered by no other systems. (2) 

For example, the CT component of the helical 

tomotherapy device allows on-line megavoltage CT 

(MVCT) imaging, which in turn permits verification of 

patient positioning prior to and during treatment, 

reconstruction of delivered radiation dose, and target 

tumor/organ registration to account for internal motion 

and tumor shape or volume changes (3). These 

processes allow for ongoing verification and rapid 

correction of treatment variations, forming the core of 

the concept of adaptive radiotherapy.  

 

Helical tomotherapy may provide a superior means of 

delivering conformal radiotherapy in many instances. 

A key concept of the helical tomotherapy strategy is 

conformal avoidance, the counterpart of conformal 

therapy. Preliminary dosimetric modeling in many 

cases suggests comparable or superior radiation dose-

distributions than that obtained with non-helical IMRT 

from a conventional linear accelerator (4-6). 

 

In radiotherapy, the total treatment dose is delivered 

over time in fractions. This concept was developed out 

of necessity, because of limitations of the first 

radiotherapy units. Nowadays, biological reasons 

justify fractionation. Indeed, tumour cells have a 

typically less efficient repair mechanism, which allows 

healthy cells to recover relatively better between 

fractions. Furthermore, tumour cells in a radio-resistant 

phase are expected to enter a more radio-sensitive 

phase for the next fraction. 

 

In 1997, under financial pressure, TomoTherapy Inc. 

was founded to pursue the development of the clinical 

helical tomotherapy prototype. In 2001, the first 

clinical unit was completed and in 2002, the first 

human patient was treated at the University of 

Wisconsin. We will provide further details on some of 

the particularities of tomotherapy design, but in short, 

this treatment unit is basically a CT with an LINAC 

that replaces the x-ray tube.  

 

in the 2000s, intensity-modulated radiotherapy (IMRT) 

became a major technology. In the future, the clinical 

introduction of imaging techniques with better soft 

tissue contrast or functional capacities, such as 

magnetic resonance imaging and positron emission 

tomography, is the logical step for IGRT systems. 

Recently, the technology of integrating imaging 

techniques, such as cone-beam-CT (CBCT), has 

reached clinical application. Currently in IMRT and 

radiotherapy in general, much effort is being invested 

to improve the conformity of dose distribution as well 

as using tumour tracking schemes.  

 

The current commercial competitors for the title of the 

future of IMRT are based on the intensity-modulated 

arc therapy system (IMAT) first proposed by Yu (7). 

The IMAT concept makes use of MLC-shaped fields, 

which define the intensity distribution at each angle 
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(7). In comparison with tomotherapy units, IMAT 

units do not deliver the dose using a slit or fan beam, 

which is fundamentally different because the dose is 

delivered in a single rotation. Another benefit is that 

IMAT relies on a concept applicable to conventional 

LINACs. However, IMAT did not achieve commercial 

success despite its promising potential, and later 

developments led to commercial volumetric modulated 

arc therapy (VMAT) units, which deliver the dose to 

the whole volume during a single gantry rotation (8, 9, 

10). 

 

Physical Design of the Helical Tomotherapy Unit 

 

Design characteristics  

 

Tomotherapy is essentially the result of merging an 

LINAC and a CT in order to respond to the 

requirements of an ideal radiotherapy treatment. This 

particular heritage shows in some of its design 

characteristics, while others stem from choices of the 

development team. Tomotherapy dose delivery to the 

patient is done helically, which is obtained by 

simultaneously moving the couch and the gantry. A 

64-leaf binary collimator modulates a fan-shaped field 

during delivery. The field’s maximum transverse 

dimension is 40 cm, and three fan beam widths are 

commissioned by the manufacturer, 1, 2.5 and 5 cm. 

forbids the conventional reference beam size of 10 cm 

Å~ 10 cm. The measure of the displacement speed of 

the couch in relationship to the gantry rotation speed 

and the field size is called the pitch and is an important 

parameter influencing the dose delivery. 

 

Mackie et al (11) described the ideas behind modern 

tomotherapy. A moving slip-ring gantry used for 

radiotherapy was introduced, which is essentially a 

standard CT gantry. The tomotherapy gantry was then 

adapted from a commercial HiSpeed gantry from 

General Electrics Medical (GEM), their first industrial 

partner. The inner diameter of the gantry limits the 

source-to-axis distance (SAD) at 85 cm, instead of the 

usual 100 cm in conventional accelerators. Another 

design particularity of tomotherapy is that its beam 

output is monitored in terms of absorbed dose per unit 

time. In a conventional accelerator, the beam intensity 

is monitored using units of dose per monitor unit. The 

tomotherapy output monitoring is achieved using two 

ion chambers located at the exit of the LINAC. The 

chambers check if the dose rate remains in a defined 

window. At the beginning of beam time, the output is 

known to be unstable, which is why the MLC stays 

closed for the initial 10 s. 

 

Beam characteristics 

 

In LINACs as well as in x-ray tubes, incoming 

electrons produce bremsstrahlung in a high atomic 

number target. In a standard LINAC, the emitted 

photons go through a primary collimator, where the 

beam is shaped, and, then, through a flattening filter, 

where the beam fluence profile is flattened. Some of 

the physical properties of the emerging photons can be 

measured, but a complete description of the radiation 

field is only obtained using Monte Carlo (MC) 

calculations. Therefore, the description of tomotherapy 

beam characteristics will draw from measurements and 

MC results. The complete characterization of a 

tomotherapy beam was first done by Jeraj et al (12), 

and was later confirmed using beam model studies for 

dose verification (Caprile and Hartmann (13), Sterpin 

et al (14). It was reported that, despite its design, the 

tomotherapy energy spectrum did not significantly 

differ from a conventional LINAC with an incident 
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electron energy of 6MV. A very important aspect of 

tomotherapy design is the absence of a flattening filter, 

which was already sketched in 1993 by Mackie et al 

(15). The unit is a dedicated IMRT system and, 

therefore, does not need a flat dose profile. 

Consequently, the beam fluence profile presents as 

coneshaped, where the intensity in the centre is twice 

as large as on the sides, see figure 5. The lack of a 

flattening filter results in a higher dose rate, which 

reduces treatment duration. Higher dose rates can also 

be obtained in conventional LINACs by optimizing the 

accelerator, for example the Varian Trilogy (Varian 

Medical Systems Inc., Palo Alto, CA, USA). 

Additionally, the lack of a flattening filter helps reduce 

the head scatter radiation. Georg et al (16) reported 

extensively on the perspective offered by flattening 

free filter units. The flattening filter of a conventional 

LINAC has a strong contribution to the off-axis energy 

dependence of the beam. Consequently, only little 

decreases in the beam energy as a function of the angle 

are found. Jeraj et al (17) reported only a 5% energy 

decrease between the centre and the edge of the 

tomotherapy beam, and the main effect was found 

above 3MeV. 

 

The tomotherapy system has two clinical modes, 

treatment and imaging, which are obtained by varying 

the beam energy to 6MVand 3.5MV, respectively. An 

additional physics mode is implemented as well, which 

is reserved for the unit warm up. The mean photon 

energy was found around 1.5MeV for the therapy 

mode and is reduced to 1.0MeV during imaging (17). 

During imaging, the beam fluence is significantly 

reduced to preserve the patient. The unit output is 

consequently lowered by decreasing the incident 

electron energy, by reducing the pulse frequency and 

by narrowing the fan beam width to 4 mm. 

 

Delivery characteristics  

 

MLCs have greatly evolved since their introduction as 

a replacement for shaping blocks. Nowadays, they are 

essential to providing conformal radiotherapy. 

Tomotherapy uses a 64-leaf binary MLC to modulate 

delivery field as fast as every 20 ms. It has a typical 

interlocking tongue-and groove design in order to 

minimize leakage between leaves. The beam is fan-

shaped with a maximum transverse width of 40 cm and 

adjustable slice thickness of up to 5 cm. It would even 

be possible to further increase the modulable 

components of a tomotherapy unit by including a 

dynamic secondary collimator (11, 14, 18, 19), which 

might be commercially available soon. The 

configuration of a gantry that rotates around a moving 

couch results in a helical delivery pattern, which is 

common for CT, but unique in radiotherapy. A 

particular effect of the helical delivery arises at the 

overlap between fluence profiles of successive gantry 

laps. This effect has been studied by Kissick et al (20) 

and was named the thread effect. 

 

 

Imaging characteristics 

 

Since their first use in the 1970s, CT imaging 

techniques in radiotherapy have become fairly 

standard. Historically, efforts to improve treatment 

accuracy were first aimed at creating better 

immobilization schemes and a generous coverage of 

the target volume. The introduction of imaging 

capabilities allowed radiotherapists to localize soft 

tissue structures more precisely, and on-board imaging 

systems opened a realm of new opportunities to 

optimize further delivery practices. Nobody would 

argue that CT is the standard for treatment planning, 
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but on-board MVCT or CBCT provide adaptive 

planning opportunities. Inter-fraction uncertainties can 

be reduced, even when intra-fraction ones are still an 

issue for most technologies (21, 22). 

Various imaging systems have been tested on LINACs, 

for example electronic portal imaging devices (EPID), 

fluoroscopic imaging systems or ionization chambers, 

all of which can provide anatomical information to 

improve delivery accuracy (20, 21, 23). 

 

Tomotherapy has a built-in on-board MVCT, and, as 

previously explained, the LINAC beam fluence is 

decreased purposefully for imaging purposes. An 

advantage of such a configuration is that the imaging 

and treatment beams are inherently aligned, which 

eases any required quality controls. Tomotherapy 

imaging detector is a standard CT imaging system. An 

arc-shaped xenon detector is mounted on the gantry 

opposite to the LINAC. The detecting volume is 

composed of 640 submillimeter chambers separated by 

tungsten plates. Only 520 chambers are used for 

imaging, the standard image size is 512 Å~ 512 pixels 

and the field of view is 40 cm wide (23). 

In the frame of the QA of the reconstruction system, 

Keller et al (20) studied the imaging characteristics of 

the detector. They found that the detector is suited for 

megavoltage CT imaging and image-guided 

radiotherapy, due to high efficiency and adequate 

resolution. The dose delivered for imaging purposes is 

consequently low, 10–30 mGy. Another particularity 

of the mounting geometry is that the detector is seated 

at 129.2 cm from the LINAC’s head but the focal point 

of the arc-shaped detector is at 103.6 cm. This off-

focus geometry was found to further increase the 

detector efficiency (20). 

 

 

Treatment planning 

 

In radiotherapy, treatment planning involves the joint 

efforts of medical and physics experts to plan the 

appropriate geometric and radiological aspects of the 

therapy. Typically, a representation of the patient, 

obtained using imaging techniques, is used in a 

treatment planning system (TPS) to determine various 

treatment parameters. It is a typical head and neck 

tomotherapy treatment plan with concomitant boost. 

The prescribed doses are 70 Gy, 59.4 Gy and 52.8 Gy 

for three target volumes. A characteristic of 

tomotherapy resides in its TPS, which uses an inverse 

planning dose calculation algorithm of convolution and 

superposition (24, 25). Briefly explained, the absorbed 

dose to water is obtained by convolution of the energy 

deposition kernel, which represents the relative energy 

deposited per volume unit, and the total energy 

released per unit of mass (TERMA). 

The TPS calculates the delivered absorbed dose to 

water using data obtained with MC calculations. The 

full delivery is separated into single beamlets, which 

are defined as the potential radiation delivered by a 

single leaf in a single projection. They are calculated 

assuming 51 projections per rotation, spanning 7.06◦ 

each, whereas the actual gantry rotation on the 

machine is continuous. Each projection has 64 

beamlets, which are directly related to the 64 leaves of 

the MLC, and each beamlet is divided into multiple 

rays to ensure at least one ray per voxel. The 

calculation takes into account the specified field width, 

the dose calculation grid and the pitch. The pitch has to 

be smaller than 1 in order to cover each slice more 

than once. A smaller pitch allows more modulation, 

but induces longer delivery durations. Therefore, a 

compromise has to be found between the quality of the 

delivered dose, quantified by the modulation 

possibilities, and the delivery duration. As explained 
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beforehand, the pitch must also be carefully chosen in 

order to minimize the thread effect. 

The TERMA is calculated by averaging the primary 

rays which traverse the voxel volumes. The calculation 

uses a pre-computed fluence attenuation table (FAT), 

which gives attenuation coefficient values in water 

(μw/ρ) and cortical bone (μb/ρ) as a function of 

radiological depth. For intermediate densities, the 

attenuation coefficient is interpolated using the values 

of water and cortical bone. For densities lower than 

water, the calculations use the attenuation coefficient 

of water, and for densities greater than cortical bone, 

the attenuation coefficient of cortical bone is chosen. 

Beam hardening is taken into account using the FAT 

calculated using polyenergetic spectra. The spectral 

energy distribution is assumed constant across the 

beam, which is a reasonable assumption for 

accelerators without flattening filters (14). The 

polyenergetic deposition kernel is obtained by a 

weighted sum of monoenergetic kernels, based on the 

spectral energy distribution of the beam model. The 

convolution is then performed using the collapsed cone 

approximation (25). 

 

The issues of implementing tomotherapy have 

continued to be explored at the UW. In 2001 the UW 

Department of Human Oncology, under the leadership 

of Minesh Mehta, received a Program Project grant 

from the National Cancer Institute to apply the 

concepts of adaptive radiotherapy and conformal 

avoidance. In 2005, now in the 5th year of the P01, 

almost 500 protocol patients have been enrolled with 

enormous progress in lung, prostate and head and neck 

cancers, and the team has been extremely productive 

with over 100 publications. Some of the projects 

deserve special mention as they represent many 

‘firsts’. Mark Ritter developed a hypofractionation 

protocol for prostate thatwas based on Jack Fowler’s 

hypothesis that prostate cancer had a low α/β ratio and 

suggested that dose per fraction could be increased 

(26), in order to improve local control without an 

increase in complications. This protocol became so 

popular that several other institutions have enrolled 

and contributed patients to it, representing the first 

multi-institutional clinical research effort involving 

tomotherapy. In a prostate planning study Hidefumi 

Aoyama (27) showed that helical tomotherapy offers 

reduced dose to critical tissues and about the same 

integral dose to normal tissue as conventional 

radiotherapy even with higher energy beams. Minesh 

Mehta is also exploring hypofractionated treatments to 

lung cancer based on the hypothesis that, when more 

of the treatment can be delivered before rapid 

proliferation occurs, the treatment will be more 

effective (28, 29). In a planning study, Rufus Scrimger, 

a visiting fellow from the Cross Cancer Institute in 

Edmonton, Alberta, showed that helical tomotherapy 

produced more favourable dose distributions for lung 

tumours (30). Raphael Manon confirmed in a larger 

study that tomotherapy can provide excellent normal 

lung sparing (31). This dose-per-fraction escalation 

strategy required the integration of concepts including 

clinical proof of the accelerated radiotherapy concept 

(32), incorporation of PET/CT planning (made 

possible by the installation of the first hybrid PET/CT 

scanner in a radiotherapy department), motion 

detection, Bayesian statistical designs, etc. This work 

led to the natural extension into extreme dose-per-

fraction escalation of early stage lung cancer (31), 

representing the first extracranial stereotactic 

radiosurgery application for tomotherapy. Paul Harari 

developed a conformal avoidance head and neck 

cancer protocol that was designed to reduce the dose to 

the parotids, auditory canal and uninvolved mucosa 

(33). A related protocol for sinus tumours in dogs was 

also led by UW veterinarian radiation oncologist, Lisa 

Forrest. This unique protocol on client dogs with 

spontaneously arising tumours has resulted in excellent 
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proof in the conformation possible with helical 

tomotherapy and the avoidance of critical structures 

such as the eyes. Almost every other technological 

development in radiotherapy has occurred outside the 

clinical trial mechanism, but this P01 produced 

rigorous scientifically verifiable and methodical 

clinical data for a new technology. 

 

In parallel with the construction of the first helical 

tomotherapy prototypes based on GEMS CT gantries, 

an engineering project at TomoTherapy was designing 

a dedicated gantry, power distribution unit and couch. 

Led by David Murray, Eric Schloesser and Richard 

Schmidt, this system was designed to be easier to 

manufacture and service. It also would use an 

innovative solid state RF modulator from English 

Elective Valve (e2v) instead of a line modulator and a 

thyratron to produce the electrical pulse to the 

magnetron. The control for the original unit was based 

on a robust GEMS architecture but it was not 

extensible. MD Anderson –Orlando received the first 

of these units although it was the Thompson Cancer 

Survival Center in Knoxville Tennessee that treated 

the first patient with this new system. The beamline on 

the new gantry system was nearly identical to the 

original beamline. By this time measurements and 

detailed Monte Carlo simulation had shown that our 

original design parameters had been acceptable (14, 

34). The exception was that our first prototype had a 

tongue and groove design on the jaws that define the 

slice width, which was eliminated because it made the 

beam profile in the longitudinal direction asymmetric. 

The image quality of the MVCT was improved in 

several ways even though the same detector was used. 

A new Analogic Corporation data acquisition system 

(DAS), used on modern CT systems, was adopted. 

This DAS had a low electronic noise and a dynamic 

range 20 bits deep. The LINAC energy was detuned 

from 6 MV for the therapy beam to lower than 3 MV 

for the imaging beam and the gun characteristics 

optimized for the finest spot size.  

 

 

Dose distribution 

Tomotherapy units are able to deliver high-quality 

conformal treatment, and compared with static 

modalities deliver lower doses to surrounding tissues, 

but these low doses are delivered over larger volumes. 

As already stated, there is no current consensus about 

the superiority of tomotherapy treatments compared 

with a dynamic IMRT treatment such as VMAT or 

RapidArc. There is abundant literature about treatment 

planning comparisons between the different solutions 

(35,36, 37) but the methodologies are sometimes hard 

to compare. Up to now, clinical evidence of the 

superiority of tomotherapy over other advanced 

treatment techniques has not been demonstrated in 

randomized trials or in prospective studies. Future 

clinical trials will have to compare delivering lower 

doses over a larger volume with larger doses over a 

smaller volume. This dose distribution raises concerns 

about out-of-field doses and risks of radiation-induced 

second cancers as well. It is our opinion that this 

matter should be resolved by clinicians and 

epidemiologists in the not too distant future. 

 

Radiation protection 

There are some specific issues related to room 

shielding calculations for tomotherapy. The rotation of 

the gantry makes the conventional usage factor 

obsolete, because it depends on beam direction, and 

tomotherapy is a dedicated IMRT, which significantly 

increases the workload factor. Shielding considerations 

for tomotherapy were already discussed in 2000 by 

Robinson et al (38). This first paper could not go into 

much detail, because the unit design was not yet set, 
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but the primary issues were already clearly identified. 

Practically, the LINAC should be carefully shielded 

first. Lead discs and tungsten blocks are used around 

the accelerator head. Moreover, the maximum 

longitudinal size of the beam is 5 cm, which reduces 

the primary shielding, which is achieved using a 13 cm 

lead beam stop affixed to the gantry. Balog et al (39) 

performed measurements around a tomotherapy unit 

and concluded that the scatter and primary radiations 

are negligible in comparison with the level of leakage 

radiation. They found the dose ratio of leakage to 

isocentre between 0.18% and 0.0006%. They provided 

the reader with some typical calculations of the 

required wall thickness around the facility. Their 

results were later confirmed by other studies (40, 41). 

Practically, the recommendations by Wu et al (42) on 

how to install a tomotherapy unit in an existing 

LINAC treatment room as well as the analytical model 

developed by Baechler et al (43) may help future users 

to dimension their tomotherapy facility. 

Dosimetry 

To proceed with commissioning, QA and dosimetry, 

tomotherapy units are delivered with a standard 

dosimetry system comprising some ionization 

chambers and a phantom. These tools are often cited in 

the literature concerning tomotherapy. A cylindrical 

Virtual Water™ phantom (Gammex Inc., Middleton, 

WI, USA) is supplied, which is often referred to as the 

cheese phantom. It measures 30 cm diameter Å~ 18 

cm length of Virtual Water™, can be opened in half to 

use dosimetric films, and has lodgings for ionization 

chambers as well as reference density inserts. Virtual 

Water is a type of synthetic material, which mimics the 

attenuation and diffusion behaviour of water in a 

defined energy range. It is routinely used as an 

alternative to water tanks, which can be cumbersome 

to use. Three types of chambers are provided as well. 

The reference ionization chamber is the Exradin A1SL 

ionization chamber (Standard Imaging, Middleton, WI, 

USA) with a collecting volume of 0.057 cm3. A 

Farmer-type chamber is available, the A12S (Standard 

Imaging, Middleton, WI, USA), but many users will 

already have a Farmer-type chamber on hand. A 

microchamber with a collecting volume of 0.016 cm3, 

the A14SL (Standard Imaging, Middleton, WI, USA), 

is sometimes provided for small field dosimetry. 

Finally a CT type chamber, the A17 (Standard 

Imaging, Middleton, WI, USA), with a collecting 

volume of 1.91 cm3, is used with the MVCT. The 

chambers are coupled to an electrometer called a Tomo 

electrometer (Standard Imaging, Middleton, WI, 

USA). The calibration coefficients of the chambers are 

traceable to the American National Metrology Institute 

(NIST) in absorbed dose to water only for the beam 

quality of Co-60. 

The electrical properties of the electrometer, which 

measures the ionization current, is important as well. 

Gas-filled ionization chambers have been the gold 

standard in dosimetry until now. Recently, some 

practical limitations are becoming clear, for instance, 

the relatively large chamber size alters its response 

when measuring small fields, high dose gradients, and 

inhomogeneous fluence distributions. Of particular 

interest for small radiation fields is that the beam size 

is smaller than the range of secondary charged 

particles, which prevents charged particle equilibrium 

(CPE) from happening. CPE is a necessary condition 

for using cavity theory, which underlies measurements 

performed with ionization chambers. When CPE 

conditions are reached, the dose in a medium can be 

deduced from the dose in the air by applying a 

correction factor obtained by the stopping power ratios 

of the medium to air. In a small field, the presence of a 

detector can change the trajectories of the charged 

particles locally (44, 45, 46). Measuring time-

dependent fluences is a challenge as well. MC 

calculations are recognized as a valuable tool, where 

measurements are not easily feasible. Using MC 
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calculations validated experimentally, correction 

factors tailored for specific machines and detectors can 

be obtained and will be essential for the tomotherapy 

absolute dosimetry and treatment planning (47, 48). 

Similarly to QA protocols, dosimetry 

recommendations are provided by recognized expert 

groups (AAPM or IAEA), but to this day, there is no 

such reference for the evaluation of the absolute dose 

of a tomotherapy unit. The need for a new international 

code of conduct for small radiation field radiotherapy 

is clear, because the conventional reference conditions 

are no longer adequate when applied to tomotherapy 

and other technologies, such as the RapidArc® system 

(Varian Medical Systems Inc., Palo Alto, CA, USA), 

VMAT and Leksell Gamma Knife® (Elekta AB, 

Stockholm, Sweden), Cyberknife® (Accuray Inc., 

Sunnyvale, CA, USA) and Vero Stereotactic Body 

Radiotherapy (SBRT) (Brainlab AG, Feldkirchen, 

Germany, and Mitsubishi Heavy Industries Ltd, 

Tokyo, Japan). 

 

The absorbed dose output calibration of a conventional 

accelerator is described in the IAEA TRS-398 code of 

practice (49) and in the AAPM’s TG-51 protocol (50). 

The documents base an accelerator’s absolute 

dosimetry on the use of an ion chamber, but mostly 

differ in the definition of the radiation beam quality. 

An adequate formalism for the dosimetry of small and 

composite fields was developed in order to extend the 

existing protocols (51). Alfonso et al (51) provide a 

framework for establishing a standard dosimetry 

applicable to a wide variety of technology. New 

parameters accounting for particular reference 

conditions as well as treatment modes were introduced. 

Some measurements and calculations tailored for 

tomotherapy were performed by Jeraj et al (52), 

Thomas et al (53), Xiong and Rogers (54), Bailat et al 

(55). These studies can be used to obtain some of the 

parameters as well as correction factors to perform 

absolute dosimetry measurements. 

The issue of beam size is not unique to tomotherapy, 

and manufacturers offer a variety of technical 

solutions. A nonexhaustive list comprises small 

volume ionization chambers, diode detectors, diamond 

detectors, MOSFET dosimeters, optically stimulated 

luminescent and thermoluminescent dosimeters, 

alanine dosimeters and films. The chosen technique 

will have to answer the requirements of the small field 

size as well as stringent metrological ones. However 

promising some technologies are, the weapon of 

choice remains the ionization chamber, and much 

effort is made to extend the methodology instead of 

changing technology. Another challenge of 

tomotherapy is the helical treatment mode. The 

formalism introduced by Alfonso et al (51) clearly 

recognizes the necessity of evaluating the helical dose 

delivery. The National Physical Laboratory in the UK 

(NPL) designed a methodology to provide reference 

dosimetry for Co-60, gamma-ray and megavoltage 

photon beams using alanine dosimeters (56, 57). This 

IMRT auditing system is mainly tailored for 

tomotherapy units. A Rexolite™ phantom enables the 

simultaneous irradiation of alanine dosimeters and 

ionization chambers. Dosimetry using alanine is used 

routinely as a secondary standard by national 

metrology institutes. Alanine dosimeters are water-

equivalent, can be located in a small volume, and show 

no strong energy dependence in the MV range. 

Alanine dosimeters coupled with electron spin 

resonance reading have uncertainties compatible with 

the requirement of absolute dosimetry procedures and 

are independent of many assumptions made to 

interpret ionization chamber results and provide an 

independent confirmation or chamber calibration (55, 

58). 
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Recent concepts 

 

With the Program Project grant in place at the UW 

much of the focus turned to the concept of adaptive 

radiotherapy, which is a collection of processes to 

ensure that the course of treatment is proceeding 

according to plan and to modify it if it is not (59). 

Harold Keller investigated implications of control 

theory on measurement error in setup uncertainty and 

the action levels that trigger a correction to the setup 

(60, 61). He showed that independently of the action 

level chosen, daily corrections were always 

advantageous in improving the setup for the 

population. However, there will be a certain number of 

patients for which corrections will actually make 

individual setups worse. This has a higher chance of 

happening if the measurement uncertainty is a large 

fraction of the action level. As a practical matter, 

changes of setup should not be done if the shift is on 

the order of the measurement uncertainty. There is no 

practical need to change the setup uncertainty if it is 

much less than the PTV margin. Chuan Wu studied the 

issues involved with re-optimization in adaptive 

radiotherapy (62, 63). For example, if dose 

reconstruction determines that there are cold spots in 

the tumour, it is possible to re-optimize, even using the 

original prescription, to achieve an improved dose 

distribution for the whole course of therapy. He 

showed that the prescription for re-optimization 

depended on whether the dose per fraction was to 

remain as close as possible to the original intent or the 

total dose was to be delivered as close as possible. He 

also showed that treatment plan modification could be 

made more flexible if voxel-based weights or dose 

prescriptions are used (64, 65). Weiguo Lu developed 

a deformable registration algorithm (66, 67). 

Deformable registration produces a one-to-one non-

affine transform that maps from one image set to a 

second image set. Deformable registration is the basis 

for several important technologies used in 

tomotherapy. Adaptive radiotherapy will require the 

ability to map the regions of interest and dose 

distributions from daily CT scans to same volumes and 

distributions in the planning CT set in order to evaluate 

and modify the treatment. Lu’s registration was 

originally two-dimensional but he has since 

implemented an improved three-dimensional 

deformable registration algorithm during his 

employment with TomoTherapy Inc. 

 

Tiezhi Zhang (68) developed a fully four-dimensional 

model for delivering tomotherapy called  synchronized 

breathing delivery. The idea is to record the breathing 

pattern of a patient getting a 4D CT scan. For every 

gantry angle the recorded pattern is used to select the 

correct 3D representation of the patient for a particular 

breathing cycle. The dose that will be deposited in the 

patient from beamlets from this direction are 

deformably registered to one of the breathing phases so 

that the iterative dose evaluation can be done on a 

common phase. Iterative optimization proceeds as 

usual. When the treatment is delivered the patient has 

to breathe in the same pattern as closely as possible to 

the original 4D CT on which the planning was based. 

Tomotherapy research has become more clinically 

focused in recent years. John Fenwick developed a 

comprehensive approach to quality assurance of a 

helical tomotherapy unit (69, 70). He stressed the 

importance of tests of synchrony of the moving parts 

of a tomotherapy unit. Stewart Becker examined the 

issues related to treatment of accelerated partial breast 

irradiation in the prone position with tomotherapy 

(Becker 2006). He concluded that helical tomotherapy 

is more homogeneous and can avoid normal tissue 

nearly as well as brachytherapy. Susanta Hui also 

reported similar results (71). Sarah Boswell quantified 

the accuracy that can be expected with automatic and 

manual image registration using daily megavoltage CT 
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and concluded that tomotherapy can achieve 

registration to within 1 mm 95% of the time. She 

showed that outlier results are possible with automated 

registration if the setup of the patient is far off and 

there are periodic structures present in the images. 

Similar results for positioning re-treatments of 

vertebral tumours were reported by Mahan et al (72). 

They found that the dose gradient between the target 

volume and the cordwas 10%/mm−1 necessitating high 

setup accuracy and that the cord dose was 25% of the 

target volume dose. They reported that the spine could 

be positioned to within 0.6 mm in the lateral direction 

and 1.2 mm in the longitudinal direction. Langen et al 

(73) found that markers in the prostate can improve the 

accuracy of alignment. They also found that in the 

absence of markers the use of anatomical registration 

was better than simply placing contours on the daily 

CT images. Meeks et al (74) studied the clinical 

performance of MVCT and concluded that while the 

low-contrast detectability was not as good as 

conventional CT, many soft tissue structures are 

visible and it was sufficient for improving the patient 

setup. Kupelian et al (75) and Ramsey et al (41) 

reported that gross lung tumour volume imaged with 

MVCT shows that the tumour shrinks significantly 

during  treatment. Ramsey et al (41) speculate that if 

the target volume could possibly be shrunk as the 

treatment progresses in order to better protect normal 

lung. 

 

The use of tomotherapy for completely new types of 

treatments has been documented. One of the first 

concepts to be tested was the use of ‘extended field 

irradiation’. This was initially employed clinically at 

the UW, by Jim Welsh for multiple bone metastases 

and by Mark Ritter and Kristin Bradley for extended 

nodal irradiation including the pelvic and para-aortic 

lymph nodes for pelvic tumours. Susanta Hui 

described the feasibility of total marrow irradiation 

(TMI) whereby the bone marrow is irradiated to a 

treatment dose and the normal structures are set as 

avoidance structures thereby reducing the dose to them 

substantially (76). However, it was Jeffrey Wong’s 

team, at City of Hope in Duarte CA, which delivered 

several TMI treatments with minimal side effects (77). 

The conformal avoidance of the hypocampus when 

targeting multiple brain metastases to avoid long-term 

neurocognitive deficits was proposed by Depak 

Khuntia (78). Alonso Gutierrez, along with Lisa 

Forrest, developed a minimally invasive surgical 

technique to implant inflatable bags in patients to 

separate the tumour from sensitive organs. The saline 

and iodine-contrast filled bags have sufficient contrast 

to be detectable on the MVCT images before 

treatment. The work has been piloted on bladder 

tumours in dogs with the goal to protect the small 

bowel. It is anticipated that the work might also be 

applicable in human bladder tumour or in even more 

difficult tumours that are limited by normal tissue 

toxicity, such as pancreatic tumours. 

 

 

 

 

 

Future opportunities 

 

The future usage of the MVCT data is central to 

several issues affecting dosimetric developments, but 

currently the MVCT data are only used for patient 

positioning. In the future, these images could be used 

to assess the actual dose delivered during a session 

knowing the patient’s anatomy and to recalculate the 

treatment plan taking into account the patient anatomy 

of the day as well. The imaging system will have to be 
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very stable in order to obtain usable MVCT images. 

Many studies have been published investigating the 

challenges and requirements of dose reconstruction 

using MVCT data (73, 79, 80, 81, 82, 83). In practice, 

the tomotherapy planning system uses Hounsfield units 

expressed in terms of mass density, instead of the 

conventional relative electron density. Therefore, in  

order to use MVCT images for dose evaluation, they 

have to be calibrated in terms of mass density. This 

calibration is performed using a cylindrical phantom 

with inserted reference density objects. A table of 

correspondence called an image value-to-density 

calibration table (IVDT) is then obtained. In order to 

use MVCT for daily patient dose evaluation, an IVDT 

will have to be obtained for each patient, which 

remains a practical problem. 
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