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Detector-based spectral
CT delivers on the promise
of increased accuracy

for proton therapy



Inaccuracy in proton stopping-power ratios (SPR) calculated from conventional HU-based CT images, and the
associated proton beam range uncertainty, is a well-known limitation in realizing the full potential of proton
therapy. This error has been documented in literature to be approximately 3%. Multi-energy CT has shown
promise in reducing SPR inaccuracy and proton range uncertainty. This white paper analyzes peer-reviewed
publications that document the accuracy of electron density (ED) and effective atomic number (Z-effective)
images from various multi-energy technologies. It then compares the resulting SPR accuracy from these
different inputs. The analysis shows a range of quantitative accuracy in the ED and Z-effective images across
multi-energy CT technologies, and the resulting SPR values, with dual-layer detector-based spectral CT
providing the most accurate results. This analysis demonstrates a spectral SPR uncertainty of less than 1% for
detector-based spectral CT.

Over the past decade, the use of proton therapy has been increasing rapidly. The sharp dose cutoff of the proton Bragg peak allows for
sharper dose delivery potential than would be possible in external beam photon therapy."? As a result, surrounding organs at risk can be
more effectively spared, decreasing potential side effects. Alternatively, it enables dose escalation, if necessary.

Locating the proton Bragg peak in the body requires an estimation of the proton stopping-power of tissues. Historically, conventional CT
Hounsfield units (HU) are translated to proton stopping-power ratios (SPR) through stoichiometric calibration curves. However, this HU-
based SPR assessment is associated with an uncertainty of 3%, which translates to an uncertainty of 3 mm for a target region at 10 cm
depth.? With this, the precision of proton energy deposition is not fully exploited, detracting from the overall potential of proton therapy.

In contrast to conventional HU-based indirect SPR calculations, novel CT techniques can allow for a direct SPR calculation >

These techniques can be categorized as source-based dual-energy CT (DECT) or detector-based spectral CT. The second category
consists of dual-layer CT (DLCT) and photon-counting CT (PCCT), employing energy-integrating or photon-counting detectors,
respectively. To calculate SPR with the aforementioned multi-energy CT techniques, two datasets are needed: Electron density (ED)
and effective atomic number (Z ;). Subsequently, SPRis directly calculated from a formula like the Bethe-Bloch equation. To minimize
SPRerrors, ED and Z_,values must be highly accurate and quantitative.™

Recent studies have shown that the accuracy and precision of ED and Z_, depend on the technique used.”>"For the source-based DECT
techniques (i.e. spin-spin, kVp-switching, split-filter, or dual-source), acquisition of spectral data has to be predefined. The reason for
this is the inherent compromise, such as a reduced gantry rotation time, limited reconstruction field-of-view, increased radiation dose,
or reduced temporal resolution. On the other hand, for detector-based spectral CT techniques (i.e. DLCT and PCCT), presetting is not
required as every scan provides spectral data (in addition to true conventional images).

For DLCT, direct SPR calculation is possible with the use of the Philips MultiModality Simulation Workspace (MM SIM*) software package.
For this, ED and Z_. maps can be sent automatically from the CT console to MM SIM*. Here, SPR can be directly calculated using the Bethe
Bloch equation based on three different methods (Figure 1).">""7 Also, the SPR can be calculated for carbon (270.55 MeV), low energy
protons (117 MeV) and high energy protons (200 MeV) (Figure 2).

While recent studies have described ED and Z_ accuracies, an analysis on the link of these accuracies with SPR accuracy is lacking. We
have, therefore, performed a literature search to identify the accuracies of ED and Z_,on commercially available DECT and spectral CT
systems for non-gated scans, to assess how these accuracies translate into SPR uncertainties.
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Figure 1 MM SIM*, showing SPR methods Figure 2 MM SIM*, showing SPR parameters

*Not available in all geographies




Inaccuracy in proton stopping-power ratios (SPR) calculated from conventional HU-based
CT images, and the associated proton beam range uncertainty, is a well-known limitation in
realizing the full potential of proton therapy. This error has been documented in literature to
be approximately 3%. Multi-energy CT has shown promise in reducing SPR inaccuracy and

proton range uncertainty.

Key points

e Analyzes peer-reviewed publications that document the accuracy of electron density (ED)
and effective atomic number (Z-effective) images from various multi-energy technologies.

e Compares the resulting SPR accuracy from these different inputs.

e The analysis shows a range of quantitative accuracy in the ED and Z-effective images
across multi-energy CT technologies, and the resulting SPR values, with dual-layer
detector-based spectral CT providing the most accurate results.

e Analysis demonstrates a spectral SPR uncertainty of less than 1% for detector-based
spectral CT, which has been further confirmed in published literature.
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Utilization of spectral
CT is expected to
increase for dose
calculation in proton
therapy because
it can reduce this

uncertainty to less
than 1%.®

Methods
We have performed a literature search on Pubmed, using the following search query on June 11t 2024: ((photon counting) OR
(dual energy)) + ((electron density) or (effective atomic number)) + (phantom).

We have included only peer-reviewed journal articles written in English that describe accuracy measurements of Z-effective and
electron density (excluding non-commercial implementations) using the Gammex electron density CT Phantoms 467 (Gammex:
Middleton, WI, USA).

We extracted the reported ED and Z,, accuracies from the tables or figures in the articles and reported them in this white pap
Furthermore, we have used these ED and Z_, accuracies to calculate the uncertainties that these inaccuracies imply on SPR va
calculated with the Bethe-Bloch equation, using the polynomial fit proposed by Bourque (see appendix).”®




Results

The Embase search resulted in 154 peer-reviewed journal articles. Out of these, four papers met our inclusion
requirements, describing measurements on various DE and spectral CT solutions. One paper reported SPR
uncertainty on photon counting CT, but because these results were not based on Z_ . and ED maps, this article
was excluded.?” Another paper used an incorrect Z_, exponent for the calculation of the reference materials
(3.3 and not the system assumed value of 2.94).2' Therefore, this article was also excluded. An overview of the
included papers can be found in Table 1.

The reported ED and Z_, accuracies based on non-gated CT scans, and the calculated implied SPR accuracies
are shown in Table 2, Table 3, and Table 4, respectively. One article did not report ED results and therefore
we were not able to calculate the implied SPR uncertainties.

The average absolute reported differences for Z_, ranged from 1.6% (dual-layer) to 10.6% (split-filter) and for
ED from 0.4% (dual-layer) to 3.2% (split-filter). The average absolute SPR uncertainties implied by these Z_
and ED uncertainties ranged from 0.3% (dual-layer) to 5.0% (split-filter) (Table 5). Importantly, the maximum
SPR uncertainty exceeded 2% for all techniques, apart from the dual-layer solution for which the maximum
SPR uncertainty was found to be 0.9%.

Article Year Types of multi-energy Reported
CT tested

Goodsitt, et al.? 2011 KV-switching DECT Z-effective
(KV-DECT)

Almeida, et al.? 2017 Dual-Source DECT Z-effective,
(DS-DECT) and electron density
Split-filter DECT
(SF-DECT)

Hua, et al.* 2018 Spectral-detector CT Z-effective,
(spectral CT) electron density

Table 1 Overview of articles included in the literature review analysis



Discussion

The results reported in Table 5 demonstrate that there is a large variation in the accuracy of ED and Z_, between tube-
based and detector-based spectral CT solutions. As a result, the implied SPR accuracies varied considerably between
the solutions.

One article has reported on the accuracy of dual-layer spectral CT." In this study, Hua et al. compensated for the limited
thickness (5 cm) of the Gammex 467 phantom. A reduced pitch and collimation were used to compensate for the
assumptions on the body composition of the system'’s scatter correction algorithms.'* These adjusted scan settings

are not needed in clinical scanning, because normal patient dimensions will fulfill the scatter assumptions.

For PCCT, direct SPR calculation is not possible in clinical practice as both Z_. and ED maps cannot be generated on the
currently available system. However, Hu et al.?° reported on the SPR uncertainty while using virtual monoenergetic images
(VM) for an indirect SPR calculation. On the same phantom (Gammex 467), the VMI-based SPR uncertainty was found to
be 1.27% for this PCCT.

From this literature study, we can conclude that Hua, et al."* were able to report the highest Z . and ED accuracies. For this,
the authors used a dual-layer spectral CT, which showed an implied SPR uncertainty of 0.3%, which is the most optimal
implied SPR error in this review.

An SPR uncertainty of 0.3% is in line with both Faller, et al.?2 and Longarino, et al.?* who (using the Gammex 467 Phantom)
also reported SPR uncertainties below 1% on the Philips IQon Spectral CT and Spectral CT 7500 (the latest generation
detector-based spectral CT from Philips), respectively. The difference is that the calculated value in the current

evaluation is a theoretical value, while the SPR uncertainties of Faller et al. (0.6%) and Longarino et al. (0.7%) are
end-to-end measurements.

In conclusion, the detector-based spectral CT showed the lowest average absolute differences for both Z . and ED,
which subsequently results in the lowest SPR uncertainty.

The detector-based spectral CT reproducibly delivers on the promise
to provide SPR with an uncertainty below 1%, which results in the
highest clinically available SPR accuracy.'




Clinical relevance

To precisely estimate the Bragg peak location, exact estimations of the stopping power of tissues are
crucial. Historically, the proton stopping-power has been calculated through a stoichiometric lookup
table that converts conventional HU directly into SPR values. This technique is associated with range
uncertainties of around 3%, meaning that if the target is 10 cm in the body, the position of the Bragg
peak has a location uncertainty of 3 mm in the direction of the beam.

The promise of spectral CT for proton therapy planning is an increase in SPR accuracy. Philips MMSIM offers functionality that can
take ED and Z_, results and generate SPR maps according to the Bethe-Bloch equation. However, any error in these ED and Z
measurements will directly translate into SPR uncertainties. It is therefore crucial that the quantitative accuracy of the spectral
measurements is assured.

In this paper we provide an overview of the reported ED and Z_, measured on the Gammex 467. It demonstrates that the
accuracy of ED and Z_ results in some DECT implementations are not sufficient to ensure errors under 1%. In some systems the
average error even exceeds 3%, meaning that a conventional stoichiometric lookup table would yield better accuracy.

The review shows that detector-based spectral CT reproducibly assures both average and maximum SPR uncertainties under

1%. This conclusion was in line with a recent study by Longarino, et al.?3, that reported an average SPR uncertainty of 0.7% on
the Gammex Phantom model 467 on Spectral CT 7500, which uses the latest generation spectral-detector system from Philips.

kVp-switching

Gammex Dual-source Dual-source Split-filter Dual-layer (GE Discovery
467 insert (Siemens Flash) (Siemens Force) (Siemens Edge) (Philips 1Qon) CT750 HD)
Lung (LN-300) -4.2% -5.3% -20.4% 7.0% 0.0%
Liver 0.0% -1.0% -1.7% 0.7% -1.1%
Bone (CB2 - 50% mineral) 0.7% -0.3% 1.4% -0.2% -3.9%
Bone (B-200) 0.8% 1.7% 4.2% 0.2% -3.5%
Cortical bone -0.2% 0.3% 0.3% -0.3% -3.6%
Lung (LN-450) -7.0% -2.3% -14.7% 5.8% 0.0%
Brain -6.8% -5.3% -28.3% 1.2% 15.1%
Adipose -4.9% -3.6% -22.3% 1.6% -0.6%
Inner bone -0.3% 1.3% 0.0% 0.0% -3.4%
Bone (CB2 - 30% mineral) -0.5% -1.9% -5.6% 0.0% -3.4%
True water 3.1% 0.7% -11.6% -2.3% 5.5%
Breast 1.9% -2.5% -16.3% 0.2% 3.6%

Table 2 Percentage errors in the effective atomic number (A Z ) measured on dual-source and split-filter
DECT as described by Almeida, et al.?#, on Dual-layer spectral CT as described by Hua et al.", and on kVp-
switching DECT as described by Goodsitt, et al*?



Gammex kVp-switching

Dual-source Dual-source Split-filter Dual-layer (GE Discovery
467 insert (Siemens Flash) (Siemens Force) (Siemens Edge) (Philips 1Qon) CT750 HD)
Lung (LN-300) 0.4% 1.2% 15.3% 0.8% n/a
Liver -0.4% -0.1% 0.7% 0.6% n/a
Bone (CB2 - 50% mineral) -0.5% 0.0% -0.3% 0.5% n/a
Bone (B-200) -0.3% -0.3% -0.8% 0.1% n/a
Cortical bone 0.2% 0.0% -0.5% -0.1% n/a
Lung (LN-450) 1.0% 0.2% 7.2% 0.5% n/a
Brain 1.3% 1.0% 3.1% 1.1% n/a
Adipose 0.7% 0.5% 2.4% 0.0% n/a
Inner bone 0.4% -0.4% 0.6% 0.1% n/a
Bone (CB2 - 30% mineral) 0.3% 0.5% 2.1% 0.1% n/a
True water 0.6% 0.6% 3.2% 0.1% n/a
Breast 0.3% 0.0% 2.1% 0.0% n/a

Table 3 Percentage errors in electron density (A ED) measured on dual-source and split-filter DECT as described by Almeida, et al.?, on
detector-based spectral CT as described by Hua et al.", and on kVp-switching DECT as described by Goodsitt, et al.”?

Gammex kVp-switching

Dual-source Dual-source Split-filter Dual-layer (GE Discovery
467 insert (Siemens Flash) (Siemens Force) (Siemens Edge) (Philips 1Qon) CT750 HD)
Lung (LN-300) 0.7% 1.6% 18.5% 2.1% n/a
Liver -0.4% 0.0% 0.8% 1.3% n/a
Bone (CB2 - 50% mineral) -0.6% 0.1% -0.6% 0.3% n/a
Bone (B-200) -0.4% -0.5% -1.1% 0.1% n/a
Cortical bone 0.2% -0.1% -0.6% 0.0% n/a
Lung (LN-450) 1.6% 0.4% 9.0% -2.4% n/a
Brain 2.5% 2.0% 9.4% -2.1% n/a
Adipose 1.6% 1.2% 7.1% 0.2% n/a
Inner bone 0.4% -0.5% 0.6% 0.1% n/a
Bone (CB2 - 30% mineral) 0.3% 0.7% 2.6% 0.0% n/a
True water 0.4% 0.6% 4.5% -0.4% n/a
Breast 0.5% 0.3% 4.9% -0.1% n/a

Table 4 Implied percentage errors in stopping-power ratio (A SPR) based on effective atomic number and electron density data for
dual-source and split-filter DECT as described by Almeida, et al.?4, on detector-based spectral CT as described by Hua et al'4, and on
kVp-switching DECT as described by Goodsitt, et al.”” For kVp-switching, A SPR could not be calculated, due to missing ED information
in the described paper.



CT technique
category CT system

Source-based Dual-source (Siemens Flash)
Dual-source (Siemens Force)
Split-filter (Siemens Edge)
kVp-switching (GE Discovery CT750 HD)
Detector-based Dual-layer (Philips Spectral CT)

maximum, and absolute mean valu
and split-filter DECT as descr
etal.”, and on kVp-switching DECT as described |
ulated, due to missing ED information in the de

Stopping-power ratio uncertainty

Minimum

Maximum

Absolute mean
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Appendix
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As stated in the introduction, SPR for a medium relative to water is approximated following the Bethe equation:
with p_and p_ the electron densities of the medium (input from the spectral reconstruction) and water respectively.
Other parameters are:

e Bisthe velocity of the particle beam relative to the speed of light c (dependent on the energy of the proton beam):

e m.c?the electron mass (511 keV)
. m,c? the proton mass (938 MeV)
e Eisthe proton beam kinetic energy. In this evaluation a relatively low energy of 117.0 MeV is used.

e [, isthe mean excitation energy of the medium (computed with the effective atomic number from the spectral
reconstruction)

e |,the mean excitation energy of water (78.73 eV).

a, £+ a;q Z <6.26
a,sZ°+a, 0+ a, 73+ a,,/°+a,,Z+a,, 6.26<7<13.52
SR 13.52<Z7

/

m —

To compute the excitation energy of the medium based on the effective atomic, the polynomial fit proposed by Bourque is used’:
In these equations, Z is the effective atomic number. The values of the constants are: a,,=14.007762, a, ,=-24.414214,
a,s=-0.005342, a,,=0.207079, a, ,=-2.589844, a,,=8.339473, a,,=51.895887, a,,=-219.722173, a,,=11.794847, a, ,=-47.707141.

The error in the stopping power is computed based on the errors in the electron density p_e and effective atomic
number Z provided:

SPR (Pe (1 + Peerror), Z (1 + Zerror)) — SPR(Pe2)
SPR(PeZ)

SPR

error —
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