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Abstract  
A high quality treatment plan aims to best achieve the clinical prescription, 

balancing high target dose to maximise tumour control against sufficiently low 

organ-at-risk dose for acceptably low toxicity. Treatment planning (TP) includes 

multiple steps from simulation/imaging and segmentation to technical plan 

production and reporting. Consistent quality across this process requires close 

collaboration and communication between clinical and technical experts, to clearly 

understand clinical requirements and priorities, and also practical uncertainties, 

limitations and compromises.  

TP quality depends on many aspects, starting from commissioning and quality 

management of the treatment planning system (TPS), including its measured 

input data, and detailed understanding of TPS models and limitations. It requires 

rigorous quality assurance of the whole planning process and it links to plan 

deliverability, assessable by measurement-based verification.  

This review highlights some factors influencing plan quality, for consideration for 

optimal plan construction and hence optimal outcomes for each patient. It also 

indicates some challenges, sources of difference and current developments. The 

topics considered include: the evolution of TP techniques; dose prescription 

issues; tools and methods to evaluate plan quality; and some aspects of practical 

TP. 

The understanding of what constitutes a high-quality treatment plan continues to 

evolve with new techniques, delivery methods and related evidence-based 

science. This review summarises the current position, noting developments in the 

concept and the need for further robust tools to achieve it. 
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1. Scope 
Treatment planning (TP) in radiotherapy brings together clinical experts 

(oncologists) and technical experts (treatment planners) aiming to ensure high-

quality plans. However, this concept is not easily definable, as TP is complex. 

Many inter-related aspects must be considered and balanced, including the 

intrinsic links to the treatment planning system (TPS) model development and 

commissioning, to simulation imaging and image segmentation,  and to treatment 

delivery methods. There are at least four areas of TP quality: i) what is a high-

quality plan and what characterises that? ii) how is it achieved and what metrics 

demonstrate that? iii) what quality assurance (QA) is required on the TPS, its 

data and the general planning process? iv) what individual patient plan QA is 

required?   

The many recommendations for QA of the TPS and individual plans (1-7) are not 

reviewed here, i.e. questions iii. and iv. However, they must evolve with the 

complexity of planning and delivery techniques and the development of the 

concept of plan quality, hence they overlap with the other two questions.listed 

above. 

Instead, this review’s scope is to consider questions i. and ii.,and to summarise 

the factors that define a high-quality treatment plan. It aims to highlight specific 

techniques, plan elements and assessment tools that should be considered when 

creating and evaluating treatment plans to be clinically optimal, as well as 

potential problems, issues and sources of difference.  It is focused on external 

beam megavoltage photon beam planning and does not aim to cover other 

radiation therapy modalities.   

 

1.1 What is plan quality 
A high quality treatment plan is one which matches the required clinical 

objectives as closely as possible, in terms of the delivery of the prescribed dose 

to the target, whilst also limiting the dose to the organs at risk (OARs) at least to 

the clinically-required dose constraints, but also to as low as reasonably 

achievable.  In practice treatment plan expectations and standards evolve with 

time, as technology and clinical evidence symbiotically develop.   TP and delivery 

modalities and methods must therefore advance together.   Some of the key plan 

elements that should be universally required to achieve plan quality are listed in 

table 1 and will be elaborated upon in the review. 

 

  



Table 1. 

 

Key elements in plan quality Sections 

 Appropriate choice and use of the available modalities 2.1-2.5 

 
Prescription and dose metrics aligned with the relevant 
evidence base at the time 3.1-3.5, 4.1 

 Target dose coverage and meeting dose objectives 4.1 

 Critical OAR sparing, meeting constraints 4.1-4.7 

 Protocol specific OAR sparing 4.1-4.7, 5.5 

 Target dose conformity 4.2 

 Target dose homogeneity 4.2 

 Plan robustness 4.5 
  Plan complexity and deliverability 4.3, 4.7 
 

Treatment planning (TP) includes multiple steps from simulation/imaging and 

segmentation to technical plan production and reporting. Consistent quality 

across this process requires close collaboration and communication between 

clinical and technical experts, to clearly understand clinical requirements and 

priorities, and also practical uncertainties, limitations and compromises. Thus 

clinician and planner training and experience are significant factors, that can 

impact plan quality, as is close interaction between the two groups.  

 

2. The evolution of modern treatment planning approaches 

2.1 3D conformal radiotherapy (3DCRT) planning 

Most modern radiotherapy utilises 3D TP, with CT-scanning as the benchmark 

imaging modality. However, the term 3DCRT is now associated with ‘forward’ TP. 

For this, the planner: determines appropriate field directions and sizes and other 

relevant parameters for the initial calculation and optimisation; evaluates the 

calculated dose distribution; and subsequently modifies the treatment setup to 

achieve final optimised dose requirements. 3DCRT’s effectiveness is long-

established and it is still the standard approach for some treatment sites, e.g. 

breast, extremities. It is fast for simple targets and doesn’t require target or 

organ-at-risk (OAR) segmentation for cases such as breast (8). However, for 

more complex target conformity and OAR sparing (e.g. head and neck cancer) 

3DCRT is less suitable as it is not capable of modulating the beam intensity 

sufficiently to balance the objectives of high dose to the target with low OAR 

doses.  



2.2 Intensity Modulated Radiotherapy (IMRT) and Volumetric 

Modulated Arc Therapy (VMAT) planning 

IMRT and VMAT are advanced techniques providing greater flexibility compared to 

3DCRT. They are considered standard approaches for many treatment sites in 

most modern radiotherapy departments. They use an ‘inverse’ planning approach 

(9). For this, the planner specifies the dose objectives for targets and OAR 

constraints, often also assigning prioritisation weights for each. The plan is 

computer-optimised by modifying radiation intensity patterns via manipulation of 

the combination of multi-leaf collimator (MLC) positions and monitor units 

delivered per set of MLC positions (beamlet partial doses) and by evaluating 

intermediate-dose distributions against the objectives. The optimisation is 

iterative to achieve the objectives as closely as possible. IMRT combines multiple 

segments and fields to build up the dose and sculpt the dose distribution to best 

match the individual patient. VMAT has the same advantage but with additional 

beam directions and hence degrees of freedom in planning. Gantry speed and 

dose rate can also be modulated to increase or decrease dose from specific beam 

angles, enabling OAR avoidance and sparing.  VMAT is reported to produce plans 

of similar quality to IMRT, but with significantly quicker deliveries (10, 11). 

Setting the objective weights is often complex, as these directly impact the 

prioritisation of targets and the various OARs. Also, they are patient-specific with 

no straightforward link to prioritisation. One approach uses multi-criteria 

optimisation, where the weights are set by balancing the OAR doses, therefore 

more intuitively using clinical understanding and evidence to guide the 

optimisation (12). In principle, collimator and couch angles can also be 

modulated, but no TPS utilizes this yet; Smyth et al have summarised non-

coplanar VMAT use (13). 

 

2.3 Automated planning  

Multi-objective planning, multiple targets, OAR complexity and increased IMRT 

modulation options can be difficult to efficiently manage and use to full potential, 

since humans are often said to be able to handle five-or-so inputs at most (14). 

In general, automated planning helps the planner in selecting and setting 

objectives for optimisation. Knowledge-based planning does this from a library of 

high-quality plans (15-17), using machine learning to select the most similar 

plan, which is then modified for the specific patient. Protocol-based planning uses 

an iterative optimisation process. It evaluates each interim plan, using a pre-

established protocol to automatically guide the objectives and constraints for the 

next iteration until the dose distribution is acceptable (18, 19). On average, 



automated planning is reported to reduce OAR dose compared to manually 

optimised IMRT (16, 18, 20, 21). The is likely because the automated approach is 

able to simultaneously minimise the dose to multiple OAR whereas a human 

operator will typically concentrate on only one OAR at a time and be limited to at 

most five focus points. Automated plans are typically rather more modulated, to 

provide sparing of multiple OARs.  However, there is an optimal balance between 

plan complexity (section 4.3) and delivery accuracy, which should be considered 

when starting automated planning use. Hussein et al have recently reviewed 

automated planning (22). 

 

2.4 Dose prediction 

One approach to set optimisation objectives or to evaluate a specific plan quality 

is to use ‘dose prediction’. OAR doses are predicted either from a mathematical 

model trained on previously-treated plans (23, 24) or with a dose kernel that 

simulates the dose fall-off (25). The use of artificial intelligence (AI) in 

radiotherapy is increasing rapidly and an AI algorithm to predict likely dose 

distributions without having to create full plans could be valuable for selecting the 

best treatment technique or modality. An example application could be the 

selection of  patients for proton radiotherapy, which currently uses normal tissue 

complication probability (NTCP) models to predict the potential gain (26, 27). 

Photon and proton plans both need to be created upfront. Prediction of the 

relevant dose parameters using AI, without having to perform full plan creation 

could speed up selection and perhaps be more independent of the planner’s skill 

level. 

  

2.5 Adaptive planning  

Standard radiotherapy planning is based on a snapshot of the patient’s anatomy 

at simulation. Likely changes during a treatment course are usually accounted for 

by choosing appropriate Planning Target Volume (PTV) or Planning Risk Volume 

(PRV) margins (28). However, enlarging these may lead to higher OAR doses or 

target underdosage, respectively. Therefore, it is desirable to reduce such 

margins to optimize patient outcomes. This has led to online imaging, e.g. cone 

beam computed tomography (CBCT) (29), at each treatment fraction to reduce 

setup errors by applying a soft-tissue match directly on the target and not using 

surrogates such as bone or external markers (30). This also allows monitoring of 

patient anatomy changes, e.g. due to tumour shrinkage or weight loss during 

treatment. These may be so pronounced that the plan must be adapted to 

maintain target coverage or avoid overdosing OAR. Systematic offline surveillance 



of anatomy or pathology changes, using CT or magnetic resonance imaging 

(MRI), is reported as not required for patients with brain (31) or head and neck 

(H&N) (32) targets. Conversely, for patients with pelvic targets, anatomy changes 

are more pronounced and occur over shorter timescales, leading to the 

development of an adaptive radiotherapy concept termed plan of the day (33). A 

library of plans is generated upfront based on expected changes, e.g. from 

bladder filling, and online imaging is used to select the most appropriate plan at 

that treatment fraction (34, 35). Although this supports OAR sparing, a full online 

re-optimization based on that day’s anatomy may be superior for some treatment 

sites, e.g. bladder cancer (36). The development of high-quality CBCT images, 

AI-based auto-segmentation, and automated plan generation has enabled clinical 

implementation of online CBCT-guided adaptive radiotherapy in the pelvic region 

(37). The recently-available hybrid MRI/radiotherapy-delivery machines (38, 39), 

with superior soft-tissue contrast, has further spurred increasing use of such 

online approaches (40-42). 

Maintaining high quality in adaptive radiotherapy planning in the offline scenario 

is similar to standard TP, with manageable time pressure. However, generating 

online adaptive treatments can be challenging, as the patient is on the treatment 

couch. Increasing the adaptation time may compromise patient comfort and 

compliance, leading to increased intrafraction motion. One challenge in reducing 

the overall online adaptation time is that deformable image registration, used for 

target and OAR structure propagation, is often sub-optimal and frequently needs 

manual contour editing (43, 44). However, future developments in patient-

specific auto-segmentation based on data from previous treatment fractions (45) 

or AI-based auto-segmentation (46) will likely reduce this.  

Another challenge for online approaches is the generation of new plans. These are 

usually based on a reference plan, which should be robust to anatomy changes, 

such that online planning constraints are easily tuned to the new situation. Few 

studies have yet compared the quality of adaptive and reference plans (47, 48) 

and this requires more data. 

 

3. Dose Prescription  
The prescription dose is the simplest statement between health care professionals 

to summarise treatment intent. Besides dose descriptors for targets and OARs, it 

is well-understood that this also requires information on the number of fractions 

and overall time, to account for radiobiology and clinical experience (49). 

Nevertheless, there can still be misunderstandings of dose prescription, due to 

differences in definitions or approaches. 



  

3.1 ICRU vs NRG Oncology  

Modern radiotherapy has moved towards prescribing to a volume rather than a 

reference point, since modulated treatment plans can be very heterogeneous, so 

a single point rarely describes the plan well. The two main prescription regimes 

for conventional radiotherapy, are the international ICRU (International 

Commission on Radiation Units and Measurements) (28) and the North American 

NRG Oncology, previously RTOG (Radiation Therapy Oncology Group) (50). 

Although different, they appear to be rather similar and are often compared 

without corrections; however inconsistencies in approaches can lead to reduced 

quality for plan comparison and transfer of clinical experience. Broadly speaking, 

ICRU prescribes to the median dose value in the PTV, whilst NRG prescribes to 

the minimum PTV dose. For a head and neck cancer patient prescribed 70 Gy in 

35 fractions, this will result in an approximately 5% dose difference; 70 Gy-NRG 

being equivalent to a median dose of roughly 73.5 Gy-ICRU (51). When 

comparing trials or clinical experience, it is important to consider and correct for 

such prescription definition differences. Likewise, it is also important to 

understand that the NRG prescription method will by default have higher OAR 

doses, so transferring OAR dose objectives between protocols using different 

prescription methods can either be too loose or too restrictive, which should be 

carefully considered.     

 

3.2 Dose calculation 

The choice of dose calculation algorithm can impact the plan quality, as specific 

uncertainties in the calculation can hinder the correct evaluation of the dose (52). 

The classic example is the use of pencil-beam calculation for lung cancer 

treatment, which does not calculate the correct dose due to the lack of scatter 

correction. The dose grid resolution will influence the accuracy of the displayed 

isodose lines and DVH metrics, and for arc therapy, the control-point spacing will 

influence the accuracy of the calculated dose compared to the delivered dose. 

Modern dose calculation algorithms, such as Collapsed Cone (53), Acuros (54) 

and Monte Carlo (55) all have high accuracy, but with differences which can be 

important in specific scenarios as elaborated upon in section 3.5. 

 

3.3 SBRT and SRS dose prescription 

For smaller target volumes, stereotactic body radiation therapy (SBRT) or 

stereotactic radiosurgery (SRS) are effective treatment modalities. Small beams 

and steep beam penumbra are utilised. Often there are different dose 



prescriptions for the GTV and PTV (56, 57) with the beam’s natural dose fall-off 

reflected in this difference. In addition, inhomogeneous dose distributions within 

the target are common, allowing for much higher doses in the GTV. This 

increases tumour control probability but also reduces dose modulation and dose 

spillage (58). When comparing stereotactic dose fractionation and outcomes, the 

prescription must be very well described. Several publications quote a minimum 

dose limit to the target of 100 BED10 (biologically effective dose with α/β = 10 

Gy) (59, 60) as an efficient tumour dose. However, it is important to distinguish 

between near-minimum, mean, or other dose metrics. Further, those patients 

given the lowest doses presumably also had the most complex starting points, 

i.e. locations near critical OARs or large tumour volumes. 

 

3.4 Inhomogeneous dose prescription 

Some trials and treatment techniques have utilised IMRT flexibility to prescribe to 

multiple dose levels to sub-volumes, e.g. simultaneous integrated boosts (SIB), 

or even prescribing dose voxel-by-voxel, i.e. dose painting (61, 62), where 

variable prescribed doses are linked to image-based target features. Others have 

used an iso-toxic approach, where the OAR doses are set using a conventional 

homogenous treatment plan and then a second plan tries to increase the GTV 

dose using an inhomogeneous dose distribution but keeping OAR toxicities the 

same (63). This has the potential to be more effective (64); however, it has not 

yet been clinically validated outside of stereotactic regimes. 

 

3.5 Dose to water or dose to medium 

Another potential difference is how the dose is calculated and reported from the 

TPS. Historically this has been as dose to water, assuming the patient is 

adequately represented by water of varying density. This was because earlier 

TPSs were limited to using analytical approximations for radiation transport and 

dose absorption in tissues. Therefore, most historical clinical data are based on 

correlating outcomes against dose to water calculations. As computational power 

has increased, modern TPSs are increasingly capable of accurately simulating 

transport and dose deposition directly in each specific tissue/medium. For most 

soft tissues, the dose differences are minor, generally 1% or less. However, for 

dense bone and regions around it, this can be up to circa 10% and so may be 

clinically relevant, particularly for bone SBRT. Both the AAPM and Global (audit) 

Harmonisation Group have published recommendations (65, 66), e.g. that clinical 

trials should report dose to medium where possible, to maximise consistency of 



reporting and future outcome data interpretation (67). Thus dose-to-medium 

reporting is likely to become the norm. 

 

4. Treatment plan evaluation methods and tools  

4.1 Dose metrics  
Complex 3D dose distributions are difficult to describe and quantify fully. The 

simplest approach is by a one-dimensional dose metric, e.g. the volume of an 

organ receiving a specified dose, or the dose to a specified volume. Common 

examples are V20Gy often used to report and compare lung volume doses to 

predict toxicity, or D0.03cc near-maximum dose used as a dose tolerance limit for 

many serial OARs. These are points on the dose-volume histogram (DVH), the 

two-dimensional description of the dose distribution, where both dimensions can 

be absolute (Gy or volume) or relative (%). There can be potential confusion 

since both Vyy and Dxx can describe the same point on the DVH (Figure 1). Thus, 

when given in a protocol, it is important that the description of the dose is 

validated before being used by others. It should be clear if the dose metric is in 2 

Gy equivalent dose or for a different fractionation (68). There is no standard for 

converting the coarse dose grid to DVH and each TPS has its own method and 

these can have significant differences, in particular for small structures. For this 

reason, protocols should be tested in TPSs and should use dose metrics that have 

robust interpretations across TPSs. Evaluating the 3D dose distribution is not 

trivial. One option is slice-by-slice evaluation, which in reality is not full 3D, but 

intermediate between 2D and 3D (often termed 2.5 D) (Figure 1). This is a 

valuable step that allows the assessment of the location and distribution of hot or 

cold spots that are not easily detected in the DVH. 

A helpful tool can be to convert the dose metrics into TCP and NTCP probabilities 

for specific outcomes. For this, it is important to understand where a certain 

model originates from and if this model matches the patient under evaluation 

(69). 

New machine-learning algorithms that can identify suboptimal 3D dose 

distribution are being developed, to indicate areas with a potentially high toxicity 

risk (70, 71). The algorithms can be unsupervised, simply looking at variance and 

outlier detection, or supervised, learning from patient outcomes to predict risk. 

Both have potential to improve future TP quality and reduce QA time, as they can 

flag plans which are potentially less robust to patient changes or of lower dose 

delivery accuracy or suboptimal dose plans with a higher risk of toxicity than 

usual. 

 



4.2 Conformity and homogeneity index 

Protocols often use conformity index (CI) and homogeneity index (HI) to indicate 

a plan quality level. Conformity describes how the planned dose matches the 

prescribed dose to the target volume at a specific dose level. The most intuitive 

CI definition is the volume of specified dose divided by prescribed volume, often 

the PTV (72). The homogeneity index describes how flat the dose distribution is, 

often from near minimum to near maximum (72). Neither index directly 

translates into plan quality as they only deal with target volume and not OAR 

doses, nor do they consider other dose metrics. A plan with a CI and/or HI close 

to one (perfect) is not necessarily a high-quality plan. Forcing a plan to strictly 

conform to a homogeneous dose to the target can worsen OAR sparing and 

increase the MLC modulation unnecessarily. Conversely, a high CI for stereotactic 

treatments may ensure sufficient shaping to the target, so there is a clinical 

balance that is important to understand (73). 

   

4.3 Plan complexity metrics 

Plan complexity can significantly impact plan quality, since increased delivery 

complexity (e.g., MLC modulation, dose rate changes, gantry speed) increases 

the possibility of delivery uncertainties. It is not trivial to determine if a given 

complexity is appropriate, or optimal, for a specific plan. A mix of highly complex 

targets and OARs might require a high plan complexity in some situations or not 

in others. Dose validation measurements are widely used to determine if plan 

complexity is clinically acceptable, by testing individual patient plan deliverability 

before treatment begins to identify problems (patient-specific QA, PSQA) (74, 

75). However, this does not demonstrate optimal complexity, only if dose delivery 

is accurate enough for clinical use. Proposed plan complexity metrics are based 

on many parameters, from MLC speeds and segment opening to fluence map 

complexity (76). Most do not correlate well with dose delivery measurements. 

Often the total monitor units (MU) per delivered Gy for a specific plan is used as a 

benchmark to identify plans with higher complexity than usual. Hernandez et al. 

indicate that commercial tools are needed to evaluate plan complexity and to 

steer plan optimisation to reduce this (77). Currently, the main tools for reducing 

complexity during optimisation are the treatment delivery time (Pinnacle), 

aperture shape controller (Eclipse), modulation factor (TomoTherapy), and MU, 

but more options are needed, to suit requirements for different treatment sites. 

 



4.4. Plan quality metrics 

Plan quality is often subjective. From protocol-based target dose requirements 

and a list of OAR threshold doses and prioritisations, clinicians could accept a plan 

as being of adequate quality. A number of publications have considered 

combining various metrics into a single plan quality index (78-80).  However, this  

has been applied mostly to SBRT plans which are generally less variable in dose 

distribution and plan parameters across different patients than other plan types 

and so which are arguably more suited to such an approach. Using a plan quality 

index to compare plans for a given patient is possible, but comparing several 

patients and different modalities is not trivial. Some vendors have created tools 

for the oncologist and treatment planner to navigate the compromise between 

several OARs, since, for example, requiring low doses to one (e.g. parotid) will 

result in increased dose to another (e.g.oral cavity). The question is by how much 

and what is the optimal balance. One approach is to convert OAR doses to toxicity 

risks. This makes the dose differences between two plans more clinically relevant. 

However, it also adds further complexity from the assumptions and uncertainties 

of the NTCP models used. Also, often there is only one plan and what is its plan 

quality? The impact of different toxicities on quality of life (QoL) has been studied 

by Van Der Laan et al. (81) From their model of QoL, specific toxicity weights can 

be correlated to mean doses of specific OARs. By including these, plans could be 

optimised using QoL measures. This may work for a patient cohort, but might not 

for an individual patient since personal choices will influence toxicity balancing 

options. For shared decision-making, these choices should be folded into the plan 

weights for that patient. This is possible, but not yet for routine practice, due to 

uncertainties in the toxicity models and their validation (26). 

 

4.5 Plan robustness  

Plan robustness is a key element of a high quality plan and is usually understood 

to refer to designing a plan to be robust in achieving the plan aims when external 

factors change during the treatment course, e.g. patient setup or anatomy. The 

most widely-adopted way of dealing with this is by adding a PTV margin (82), 

which can be estimated from knowledge of the likely random and systematic 

geometric uncertainties, for example by using the van Herk formula (83). 

However, some central assumptions linked to the margin formula and influencing 

the margin needed (such as plan penumbra, clonogenic cell density at target 

volume edges and target volume positional uncertainty within the static dose 

cloud) can be inherently difficult to estimate at both the patient cohort and 

patient-specific levels (68). A more probabilistic way to address this issue is to 



optimise the treatment plan according to specific scenarios (and magnitudes) of 

setup errors or anatomical changes (84).  This is potentially a more efficient way 

to ensure robustness since the patient-specific plan and anatomy is used to find 

the optimal “margin”,which does not have to be symmetric. For photon treatment 

plans, robust optimisation is still not mainstream, but it has become standard for 

proton treatment plans where the static dose cloud assumption breaks down due 

to range uncertainty and its interaction with setup error.  

As yet there is no standard method to evaluate plan quality using multiple 

(robust) scenarios but this is likely to develop with the increase in proton therapy 

treatments across the world. 

 

4.6 Treatment plan reporting 

Some aspects of reporting are discussed in section 3, regarding dose prescription. 

ICRU reports 50,62 and 83 set a framework for consistent terminology and 

reporting of photon beam plans (28, 82, 85). Going further, to completely 

understand a treatment plan, all of its information is required and several 

national and international initiatives have been set up to collect this for clinical 

trials (86-89). The full 3D dose distribution will enable further flexible endpoint 

analyses which were not preplanned, or more robust examination of the DVH, 

such as principal component analysis (90, 91), or 2D/3D dose radiomics analyses 

(92, 93). 

To provide reliable information, TP studies must be designed, conducted, and 

reported systematically and well. The Radiotherapy Treatment plannINg study 

Guidelines (RATING) provide a series of questions for scientists to consider when 

setting up such studies, to ensure that the most important issues are well-

managed (94). 

 

4.7 Quality of the delivered plan: effect of treatment delivery 
In principle, plan quality should be evaluated from the cumulative delivered dose 

to the patient throughout the whole treatment, compared to the intended plan. If 

a plan is too complex, not modelled precisely, or utilises beam arrangements that 

are not robust to changes in patient anatomy or other parameters, then the 

delivered dose will not match the initial clinically-accepted treatment plan. The 

issue of delivering the planned dose accurately is a separate, but intrinsically 

inter-linked topic (95). However, some points are worth mentioning.  

Firstly, the TPS model of the treatment machine/beams is configured using 

experimentally measured data taken for that machine. Uncertainties in these 

measurements and the translation of the data into a model, including inherent 



model limitations, create areas where the dose calculation may be less reliable. 

For example, TPS models have historically been less accurate in areas of large 

density changes, e.g. surface or internal air-to-tissue, or tissue-to-bone, (96). 

Secondly, IMRT and VMAT plans are heavily dependent on the accuracy of both 

the MLC motion and its TPS modelling. MLCs have complex geometries that are 

difficult to fully model in existing TPS, necessitating approximations. In most 

cases, these cause negligible dose differences, but in over-modulated plans, 

these minor differences might accumulate to have a greater impact. Therefore 

the level of plan modulation should be carefully assessed (97). 

 

5. Practical treatment planning considerations 

5.1 CT simulation/imaging effect on plan quality 

CT simulation is the basis of almost all treatment plans currently and the quality 

and accuracy of the imaging directly influence the quality of segmentation and 

the treatment plan, the prescription and other related clinical decision-making 

(98). The simulation imaging and the definition at this stage of any required 

immobilisation or other treatment aids set the reference for patient positioning 

and setup that must transfer consistently through planning and into each 

treatment fraction. Immobilisation must be precise, yet still comfortable enough 

for the patient (99). Low image quality will hinder precise target and OAR 

contouring which will lead to a reduced chance of treatment success and hence a 

low plan quality. Image artefacts caused e.g. by motion or foreign objects should 

be managed appropriately otherwise the target and OAR segmentation can be 

faulty (100, 101).   

In modern RT, CT simulation is most often supported by PET and MR images 

which are co-registered to the CT simulation (102, 103). These image fusion 

methods and their accuracy need to be carefully validated by experts, as they 

also significantly influence the contouring (104). It is also important to 

understand the caveats of the image modalities, as they are not always optimised 

for geometric accuracy which in radiotherapy is highly important. In some 

radiological MR sequences, the placement of water and fat can be distorted 

geometrically to improve the signal to noise ratio (105). 

Modern machine learning and artificial intelligence algorithms are rapidly 

improving medical image optimisation and analysis and also approaches to target 

and OAR segmentation (106), which undoubtedly will contribute to improved 

treatment plan quality through better images and more consistent structure 

delineation (107, 108). 

  



5.2 Target and OAR overlap 

A challenging situation occurs when target and OARs overlap. For parallel 

structure OARs, the compromise can be to allow full target coverage and accept 

higher dose to part of the OAR, for example in prostate cancer, where rectum and 

bladder overlap the PTV. Conversely, for serial and critical OARs, the compromise 

can be to prescribe a dose lower than the OAR tolerance level in the overlap 

region and therefore typically accept a lower dose to that part of the target, for 

example in head and neck cancer where the PTV may overlap the spinal cord. 

This ensures an acceptable OAR dose and the highest achievable dose to the 

target (109).  

 

5.3 Aesthetic treatment planning 

TP is sometimes viewed partly as an ‘art’ and that plans should “look” nice. This 

might imply that some aspects are subjective or not strictly scientific, but this 

does contain one valid point (110). Accepting a plan that looks similar to the 

norm can be less risky and plans that look ‘different’ might be error-prone. 

However, ‘nice looking’ plans can be suboptimal, for example, target conformity 

might be high, but this might give high OAR doses. A less ‘attractive’ plan can be 

of higher plan quality, with reduced target conformity, but giving a significant 

reduction in OAR dose. Best compliance to evidence-based prescription 

requirements should be the driver of how TP is performed and developed. 

Aesthetic TP should not be paramount but can help to raise concerns of potential 

abnormal plans which need more careful consideration. 

 

5.4 Time spent on treatment planning – is longer better? 

TP takes time, which must be minimised since many patients must start 

treatment quickly due to tumour growth and increased risk of cancer spreading 

beyond the site being treated (111, 112). However, as planning involves several 

healthcare professionals and interfaces, time must be allocated to fully 

understand clinical requirements and to discuss and evaluate plans. Also, some 

plans need re-optimisation when decisions on the best patient-specific plan are 

updated. The optimal time from simulation to the start of radiotherapy gives 

sufficient, but not excessive, time to develop, discuss and assess the plans and 

for final-plan acceptance. The time when plans are not actively being worked on 

must be minimised, often when waiting for next steps in the process which 

produces no value for plan quality or the patient.  Protocoled treatment and 

workflows help to reduce the time for each step and directly impacts the overall 

radiotherapy quality (113). This has been documented for patients in clinical 



trials, but it is equally important for others, i.e. the majority of patients. Local 

templates, scripting, protocols and/or procedures for all patient treatment should 

be implemented to efficiently produce plans of high quality and ensure that all the 

time used on a plan contributes to improving the plan quality. As a further 

benefit, using such standardisations  in approach will produce consistency and will 

help detect faults. Automated planning has been shown as an efficient tool to 

ensure rapidly-produced and high quality plans (16, 18, 114). 

   

5.5 Protocoled treatment planning 

Protocols should describe the whole process through multidisciplinary team 

discussion and decisions, simulation, target definition and prescription, OAR dose 

thresholds, prioritisation of target and OARs, technical planning to produce the 

plan/s, and reporting (115). There will always be patients who do not fit the 

protocols and need customised treatments. However, these too should originate 

from a protocol, with the changes documented. This ensures that anything 

outside protocols has a clear foundation and justification. Time can be saved 

using protocol-based evaluation forms since minimum quality criteria can quickly 

be assessed. However, if this is taken too far and plans which have no major 

protocol deviations are seen as high quality, and vice versa, this can become 

problematic. Each OAR dose should be minimised where possible, consistent with 

achieving the balance between target dose requirements and the various OARs. 

OAR doses might be less than the protocol-based dose thresholds, if that is 

achievable, although just meeting the threshold values might be accepted, 

depending on other optimisation considerations. From the protocol prioritisation, 

it should be clear which OAR should be given most attention. This is important for 

both conventional IMRT and automated TP. High-quality protocols are an efficient 

way of ensuring high quality plans for all patients (116). 

 

6. Conclusion 
The quality of TP, having the aim to produce high-quality plans, still has no 

general simple interpretation or quantification. It is highly complex from both 

technical and clinical viewpoints and is very patient-specific. However, this does 

not suggest that plan quality can be ignored or not evaluated. Instead, it 

indicates that more research is needed to develop the concept and to ensure 

robust tools to help treatment planners, clinicians, and patients decide which plan 

is best for each individual case. 
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Figure Legends  
Figure 1. a) Points on the DVH can be described either as Vyy or Dxx, where 

examples of V20Gy are shown read on the y-axis and D10% on the x-axis. Both axes 

can be absolute or relative (dose or volume). When a protocol mandates a dose 

to be lower or higher than a specific threshold, it should be made fully clear what 

is intended. b) Sagittal dose colour wash of a head and neck cancer patient.  
 

Figures  

 
  



Table 1. 

 

Key elements in plan quality Sections 

 Appropriate choice and use of the available modalities 2.1-2.5 

 
Prescription and dose metrics aligned with the relevant 
evidence base at the time 

3.1-3.5, 4.1 

 Target dose coverage and meeting dose objectives 4.1 

 Critical OAR sparing, meeting constraints 4.1-4.7 

 Protocol specific OAR sparing 4.1-4.7, 5.5 

 Target dose conformity 4.2 

 Target dose homogeneity 4.2 

 Plan robustness 4.5 
  Plan complexity and deliverability 4.3, 4.7 
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