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A B S T R A C T   

Purpose: To build an image-scanning protocol of Catalyst HD and to investigate the impacts of different colors on 
gains (Ga), integral times (Ti), and setups using this system. 
Methods: Thirty-eight cards with different skin tones were studied, and the color difference ΔE was calculated 
based on a reference color in the RGB (R: red, G: green, B: blue) space. Correlations were investigated among ΔE, 
Ga, and Ti. After routine setup verification, the card position changed from − 5 mm to 5 mm with a step size of 2 
mm, and they were measured by Catalyst HD simultaneously. The position differences were calculated to 
evaluate setup errors. 
Results: As Ga changed from 100% to 1000%, the natural logarithmic function of Ti (lnTi) linearly decreased with 
a constant slope of − 0.002. If the reference color had an RGB value of (200, 172, 153), lnTi increased linearly 
with slopes of 0.006 and 0.007 for the main and side cameras respectively, as ΔE increased. Moreover, there were 
significant positive correlations between measured positions and true values. The correlation coefficient rpos 
changed as a sigmoid function of ΔE. There was a ΔE threshold of 254.0 for color detection. The detection was 
different for different colors. Additionally, rpos depended on the RGB values, curvature, edge and area of a region- 
of-interest. 
Conclusions: There are close correlations among ΔE, Ga, and Ti, and ΔE has an impact on setup accuracy using 
Catalyst HD.   

1. Introduction 

In recent years, oncologists are trying to gather more information 
through some advanced technologies to make the optimal choices for 
individual patients, in the hopes of making clinical practices faster, more 
accurate, more comfortable, and more economic (i.e. "FACE" principle) 
(Shulman et al., 2020). Driven by this principle and given the features of 
conventional cone-beam computed tomography (CBCT) including 
time-consuming, additional doses, and being unable to monitor setup 
errors, optical surface monitoring systems (OSMSs) have been widely 

adopted in radiotherapy (RT) for several cancers to identify and track 
the position of a patient’s external surface, such as setup, gating and 
monitoring (Benkhaled et al., 2022; Han et al., 2022; Nankali et al., 
2022). These clinical practices show promising results in reducing setup 
errors and improving patient positioning monitoring, especially for 
anatomical sites in which the patient’s surface is a good surrogate for the 
RT target. 

However, the application of OSMS is affected by image qualities and 
surface characteristics such as shape, location, and materials (Song 
et al., 2022). Recently, a report of the American Association of Physicists 
in Medicine (AAPM) commissioned Task Group 302 provided some 
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technical guidelines and quality assurance requirements, and it also 
recommended to assess the effect of surface characteristics on localiza-
tion accuracy (Al-Hallaq et al., 2022). But how to qualify the impact of 
image qualities and surface characteristics and how much of this impact 
are absent in this report. In order to better serve the clinical practices, a 
strategy to select exposure parameters was developed to get the optimal 
image qualities based on a reference color in the RGB (R: red, G: green, 
B: blue) space in this study. According to this strategy, surface images 
were scanned and the effect of image qualities and surface 

characteristics on localization accuracy was assessed by testing different 
toned cards. Additionally, the impact of light intensities on both expo-
sure parameters and setup accuracy was studied in different scenarios. 

2. Materials and methods 

2.1. Catalyst HD and SkinTone 

The Catalyst HD system (C-RAD, Uppsala, Sweden) employs optical 
triangulation to obtain patient surface information, and three cameras 
are ceiling-mounted in the RT treatment room. Two optical parameters, 
gain (Ga) and integral time (Ti) should be set. Ga is the ratio of the 
number of captured electrons by the camera to a digital readout and Ti is 
the time of light absorption. In this study, the main camera was installed 
a year earlier than the side cameras, and all commissioning procedures 
were based on the AAPM task group report 147 (Willoughby et al., 
2012). 

To get a uniform and consistent color, the Pantone STG-201 (Pantone 
SkinTone Guide, United States) was used to represent skin color 
(Fig. 1a). One hundred and ten color cards are numbered from 1Y01 to 
4R15 (Y: yellow, R: red), comprised of a four-digit alpha numeric 
number (Fig. 1b). The first two positions reflect the hue, and the others 
represent brightness. The dimensions of each card are 4.44 cm × 17.78 
cm. In this study, twenty kinds of colors were chosen randomly to 
investigate the impact of color on Ga and Ti, and twenty-four were used 
to measure setup errors using Catalyst HD (Fig. 1f). 

2.2. Gain, integral time, and setup errors 

All cards were attached to the top of a cylindrical phantom with a 
radius of 15 cm to investigate the impact of different colors on Ga, Ti, and 
setup errors (Fig. 1c). Meanwhile, an image-scanning protocol was 
proposed to optimize the camera settings for maximum card surface 
visibility, i.e., Ga was sequentially set from 100% to 1000% with a step 
size of 100%, and Ti (μs) was adjusted simultaneously. Once red 

List of abbreviations 

Ga gain 
Ti integral time 
ΔE color difference 
R red 
G green 
B blue 
lnTi the natural logarithmic function of Ti 
rpos the Pearson correlation coefficient between measured 

positions and true values 
"FACE" faster, more accurate, more comfortable, and more 

economic 
CBCT cone-beam computed tomography 
OSMS optical surface monitoring system 
RT radiotherapy 
AAPM American Association of Physicists in Medicine 
Y yellow 
AP anterior–posterior 
LR left–right 
SI superior–inferior 
DIBH deep inspiration breath-hold  

Fig. 1. The illustrations of Pantone SkinTone cards and the image-scanning protocol. (a) The Pantone STG-201. (b) One hundred and ten color cards. (c) A card was 
attached to the top of a cylindrical phantom longitudinally. (d) Both gain and integral time were adjusted to make red overexposures just appear in the periphery of 
the card. (e) The reference color 1Y01, R = 200, G = 172, and B = 153. (f) Twenty colors in the red box were chosen to investigate the impact of colors on gain and 
integral time; twenty-four colors in the green box were used to measure setup errors. The value on each color was the corresponding color difference ΔE based on the 
reference color 1Y01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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overexposures just appear in the periphery of the card, the pair of Ga and 
Ti was the optimal exposure parameter (Fig. 1d). By switching on 
different lighting sets, we could obtain different background lumi-
nances. The intensity of background light was measured by digital Lux 
meter (PP720, SanLiang, Janpan) and it increased from 0.0 Lux to 184.3 
Lux, i.e., 0.0 Lux, 42.2 Lux, 69.4 Lux, 76.9 Lux, 127.5 Lux, 135.0 Lux, 
141.5 Lux, and 184.3 Lux. Both Ga and Ti were measured repeatedly 
under different lighting conditions. 

The routine setup of the phantom was performed with an on-board 
imager via CBCT verification. After verification, the following surface 
scan was regarded as a reference image. Thereafter, the phantom 
randomly moved from − 5 mm to 5 mm with a step size of 2 mm, and the 
position was measured by Catalyst HD simultaneously through regis-
tering the current surface image with the reference image. The differ-
ences between measured positions and true values were calculated to 
evaluate setup errors. Positive values for the left–right (LR), superi-
or–inferior (SI) and anterior–posterior (AP) indicated motion in the left, 
cranial and posterior directions, respectively. When the phantom was 
placed longitudinally, the position couldn’t be detected in the SI direc-
tion because there was no curvature (Fig. 1d). Measurements should be 
repeated in this direction when the phantom was placed laterally. Before 
every measuring, daily checking was performed. Both thermal equilib-
rium and system drift were taken into account. 

In order to further get the impacts of curvatures on setup errors, the 
cards were attached to the top of a flat treatment couch. Due to the fixed 
edge length of a card, setup dependences on edge and area were tested 
by cutting a piece of white printer paper into many pieces with different 
dimensions, i.e., 2 cm × 2 cm, 2 cm × 21 cm, 3 cm × 3 cm, 3 cm × 21 cm, 
4 cm × 4 cm, 4 cm × 21 cm, 5 cm × 5 cm, 6 cm × 6 cm, and 7 cm × 7 cm. 

2.3. Data analysis 

The color difference ΔE was calculated based on a reference color 
1Y01 (the lightest yellow in the STG-201) using equations (1)–(5) 
(Mokrzycki, 2011). C1,R and C2,R represent R values of two kinds of 
colors; C1,G/C2,G and C1,B/C2,B represent G and B values respectively. 
The correlations among Ga, Ti, and ΔE were assessed using linear 
regression analysis. Meanwhile, the impact of different reference color 
on these correlations was tested when 4R15 SP (the deepest color of this 
study) was used as the new reference color. The regression analysis was 
repeated. 

r =
C1,R + C2,R

2
(1)  

ΔR=C1,R − C2,R (2)  

ΔG=C1,G − C2,G (3)  

ΔB=C1,B − C2,B (4)  

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

2 +
r

256

)
× ΔR2 + 4 × ΔG2 +

(

2 +
255 − r

256

)

× ΔB2

√

(5) 

A comparison of the true position with the measured value was 
performed using the paired t-tests. The Pearson correlation coefficient 
(rpos) between them was calculated. The dependences of both rpos and 
setup errors on ΔE were analyzed. Statistical analyses were performed 
using IBM SPSS statistics (version22, IBM Corporation, Armonk, NY, 

USA). P < 0.05 was considered statistically significant. 

3. Results 

3.1. Gain, integral time, and color difference 

When Ga was less than 400%, the image-scanning protocol couldn’t 
be satisfied by the main camera for 1R11 and 1Y11 as Ti increased. Once 
Ti reached the maximum value 50000μs, the red overexposures imme-
diately appeared in the entire scanning surface. Hence, there were 
missing data points in Figs. 2 and 3. Otherwise, all other cases satisfied 
the scanning protocol. 

If the 1Y01 card (200, 172, 153) was chosen as a reference color, lnTi 
linearly decreased with a constant slope of − 0.002 as Ga changed from 
100% to 1000%. For example, Fig. 2 showed lnTi as a function of Ga 
together with a linear fit for two cases, ΔE = 7.66 and ΔE = 188.78, and 
the fitting parameter p1 was − 0.002 with a fitting probability of 1. This 
result was consistent between the main camera and the side ones. Also 
lnTi increased linearly as ΔE increased, but the slope was different be-
tween the main camera and the side ones. Fig. 3 showed lnTi as a 
function of ΔE when Ga = 100% and Ga = 1000%. The fitting parameter 
p1 was 0.006–0.007 for side cameras, and 0.004–0.006 for the main 
camera with a fitting probability of 1. Meanwhile, the fitting parameters 
were different between yellow and red colors. All fitting figures can be 
found in the supplementary files. 

If the red and yellow colors were combined, the relationships among 
Ti, Ga, and ΔE could be delineated by the following equations (6)–(8) 
after linear regression analysis, where Ti,main, Ti,side, Ga,main, and Ga,side 
were integral time and gain for the main camera and the side ones, 
respectively. If red and yellow data points were analyzed separately, the 
intercepts of the main and side cameras were 10.37 and 8.922 for yellow 
colors; as for red colors, the intercepts were 10.32 and 8.945, respec-
tively. However, if the reference color changed into 4R15 (84, 66, 57), 
the relationship could not be delineated by those linear equations. 
Additionally, when the light intensity increased from 0 Lux to 184.3 Lux, 
lnTi was reduced and the maximum deviation of 0.37% was achieved 
when Ga was1000%. 

ln Ti,main = 10.350 − 0.002Ga,main + 0.006ΔE (6)  

ln Ti,side = 8.935 − 0.002Ga,side + 0.007ΔE (7)  

v  

3.2. Setup errors and color difference 

There were significant positive correlations between measured po-
sitions and true values (P < 0.05). This correlation (rpos) depended on 
ΔE, and the dependence could be delineated by a sigmoid model (Fig. 4): 

rpos =
1

1 + ep0×(ΔE− p1)
(9)  

where both p0 and p1were the fitting parameters. When four cards 
(1Y13, 1R13, 3R14, and 1Y14) were scanned, their positions were not be 
monitored stably, so these colors were not involved in the curve fitting, 
seen in Fig. 4 (vertical lines and arrows, ΔE = 254.0). As for another four 
colors (1R15, 2R15, 3R15, and 4R15) in Fig. 1f, the Catalyst HD couldn’t 
get their images, so rpos was set to 0.001 when ΔE was larger than 318.0. 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

2 +
R + 200

512

)

× (R − 200)2
+ 4 × (G − 172)2

+

(
767
256

−
R + 200

512

)

× (B − 153)2

√

(8)   
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Changing these settings did not affect the fitting results. 
As shown in Fig. 4, the steepness of the sigmoid curve was the largest 

in the AP direction, and the yellow color showed bigger steepness than 
the red one in the LR and SI directions. In addition, the detection of 
white color (black star) was different from both yellow colors and red 
ones. 

Meanwhile, the bottom of Fig. 4 showed mean difference between 
measured position and true value as a function of ΔE. When ΔE was less 
than 132.0, uncertainties were small in the LR and SI directions, and the 
mean setup error was smaller than 1 mm except ΔE of 131.5 in the LR 

direction. There were 37.5%, 62.5%, 93.8% of setup errors smaller than 
0.5 mm, and 43.8%, 25.0%, 6.2% of errors larger than 0.5 mm and 
smaller than 1 mm in the LR, SI, and AP directions, respectively. Mean 
setup errors were the smallest in the AP direction, and the detection in 
AP was superior to that in the others. 

Moreover, both rpos and setup errors depended on R, G, B, and ΔE. 
The correlation coefficients between rpos and the above color parameters 
were 0.862, 0.855, 0.813, and − 0.921 (P = 0.00) in the LR direction, 
0.673, 0.711, 0.646, and − 0.769 (P < 0.01) in the SI direction, and 
0.649, 0.653, 0.664 (P < 0.01) and − 0.456 (P = 0.076) in the AP 

Fig. 2. The natural logarithmic function of integral time as a function of gain together with a linear fit for two cases, ΔE = 7.66 and ΔE = 188.78. There were some 
missing data points for the main camera when the color difference was 188.78 and gain was less than 400%. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 3. The natural logarithmic function of integral time as a function of color difference together with a linear fit when Ga = 100% and Ga = 1000%. Red points: red 
colors; blue points: yellow colors; black lines: the fitting curves of combined yellow and red data points (Y + R); red lines: only red colors (R); blue lines: only yellow 
colors (Y). There were some missing data points for the main camera when gain was 100%. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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direction, respectively. Similarly, the correlation coefficients between 
mean setup errors and color parameters were − 0.638, − 0.619, − 0.569, 
and 0.786 (P < 0.02) in the LR direction, − 0.683, − 0.683, − 0.64, and 
0.772 (P < 0.01) in the SI direction, and − 0.288, − 0.269, − 0.29 and 
0.142 (P > 0.28) in the AP direction, respectively. 

In addition, rpos also depended on curvature, edge, and area. Its value 
was almost zero in the LR and SI directions, but larger than 0.99 in the 
AP direction when the curvature was zero. Only if the length of short 
edge of a rectangle was ≥4 cm or the length of a square was >5 cm, the 
image of a region of interest could be captured and the setup error could 
be evaluated using a non-rigid algorithm. Moreover, rpos increased with 
increasing edge and area in a specific direction where the curvature was 
not zero. 

4. Discussion 

The OSMS is a non-ionizing and non-invasive optical scanning sys-
tem. It has many attractive features for setup, monitoring and respira-
tory gating during RT. The previous researches mainly focused on the 
positioning difference among cross-line laser, CBCT and OSMS tech-
niques. Early in 2014, Wikström Ket al. found that mean difference 
between OSMS and CBCT was ≤0.1 mm for pelvic targets (Wikström 
et al., 2014). For rectal cancer, a significant different was observed be-
tween laser and OSMS only in the lateral direction (median, 2.0 cm vs. 
1.3 cm) (Hamid, 2017). OSMS also presented an accuracy of 0.3 mm for 
displacements up to 1 cm for cranial lesions (Mancosu et al., 2016). 
Additionally, OSMS could detect swallowing, incorrect arm and shoul-
der positions, or provide accurate tracking of thoracoabdominal surface 
coupled with other techniques such as deep inspiration breath hold 
(DIBH) (Mcconnell et al., 2021). All these studies indicate that OSMS is a 
good supplement to the conventional system for accurate RT setup. 

However, due to the projected and reflected patterns of colored light 
on the surface, OSMSs depend on the surface optical absorbance and 
reflectance properties, which can vary with surface shape and color 
(Stieler et al., 2013). The OSMS detection also depended on the surface 

imaging quality. Recently, the task group report 302 provided some 
technical guidelines and quality assurance requirements, but how to 
qualify the impact of image qualities and surface characteristics and how 
much of this impact were absent in this report (Al-Hallaq et al., 2022). 

Considering all these aspects together, we first proposed an image- 
scanning protocol according to the vendor’s suggestions and our 
measured experiences in this article, and then the relationships between 
exposure parameters and ΔE were delineated by equations (6)–(8). 
Based on these equations, therapists can calculate Ga and Ti and set their 
default values, given the patient’s skin color. The skin color can be 
measured using SkinColorCatch (Delfin Technologies Ltd, Finland) at 
the planning CT scan. This operation will undoubtedly improve the work 
efficiency, and improve the image qualities. In this study, there were 
some differences between the main camera and the side ones. The main 
camera required more integration time than the side cameras using the 
same gain. A mean Ti of 4220 μs or 16376 μs was used for the side 
cameras or the main camera, respectively. It might be caused by pro-
duction aging or batch because the main camera was installed a year 
earlier than the side cameras. 

Additionally, both Figs. 2 and 3 and equations (6)–(8) showed that 
the darker the surface was and the higher Ti or Ga has to be. For dark 
colors in this study, i.e., 1R11 and 1Y11, the images couldn’t be 
captured by the main camera when Ga was lower than 400%. But the 
surface images and setup errors could be obtained stably if Ga was 
≥400%. For extremely dark colors, i.e., 1R15, 2R15, 3R15, and 4R15, 
the detection could not be completed because there was not enough light 
to reflect. Moreover, gain adjustments might lead to increased noises 
(Wang et al., 2012). Hence, a gain of 400% was adopted in the following 
analysis of setup errors. 

Tumor motion management strategies play an important role in the 
thoracic and abdominal RT. Many surrogate-based motion models are 
constructed by correlating motion of an external surrogate and internal 
anatomy to guide motion management (Steiner et al., 2019). For breast 
cancer, a superior correlation was observed between the surface imaging 
and the actual target positioning during DIBH (Rong et al., 2014). The 

Fig. 4. The top images: rpos as a function of color difference together with a non-linear fit. Arrows mean undetectable color differences; vertical bars are error bars; 
red line: red color fitting (R); blue line: yellow color fitting (Y). The bottom images: mean difference between measured position and true value as a function of color 
difference. Vertical bars mean the uncertainties. Dash lines: − 1≤ values ≤ 1; dash-dotted lines: − 0.5 ≤ values ≤ 0.5. Red points: red colors; blue points: yellow colors; 
black star: white color. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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surface image was demonstrated as a superior surrogate. However, skin 
color changed during RT. Higher RT dose made skin darker and redder 
(Yamazaki et al., 2018). Hence, we must pay attention to the color 
dependence of setup error. 

As it is mentioned above, yellow colors showed bigger steepness than 
red colors in the LR and SI directions. Hence, the detection of Catalyst 
HD became worse as skin turned red. Also the detection performance 
decreased as RT doses increased. There was no doubt that the skin 
surface would not be monitored when the color difference reached a 
certain threshold. In this study, we found that the surface was 
completely unable to observe when ΔE was 254.0 based on 1Y01. 
Hence, in our center, we are trying to establish a skin management 
protocol to dynamically evaluate skin changes using Delfin products 
during surface-image guided RT. 

Meanwhile, the setup accuracy changed with different colors, and 
this trend was the most obvious in the LR direction, shown in the top of 
Fig. 4. The correlation coefficient rpos changed with a sigmoid distri-
bution. The detection of Catalyst HD was almost unaffected by color 
changes in the AP direction when ΔE was smaller than 219.3 based on 
1Y01. If ΔE was greater than this value, rpos dropped rapidly in the AP 
direction. This curve was close to the one of a staircase function. It 
demonstrated an excellent detection in the AP direction. Given that 
motion in the AP direction is the main source of patient position vari-
ability in some cancers (Apicella et al., 2016; Ricotti et al., 2017), 
Catalyst HD can be used for accurate motion management. 

In addition, the detection of Catalyst HD also depended on curvature, 
but the dependence didn’t occur in the AP direction. It once again 
demonstrated the excellent monitoring capabilities of Catalyst HD in the 
AP direction. Moreover, we found that the setup errors could be eval-
uated accurately only if the length of short edge of a rectangle was ≥4 
cm or the length of a square was >5 cm. The dependence on edge or area 
was also observed. It meant that the choice of a region of interest was 
crucial during surface-image guided RT. 

5. Conclusion 

The application of OSMS is affected by image qualities and surface 
characteristics. In order to improve the image quality, we proposed an 
image-scanning protocol through changing Ga and Ti. A linear function 
among lnTi, Ga, and ΔE was observed. Based on this function, therapists 
can initialize Ga and Ti according to skin colors to improve RT efficiency. 
In addition, the detection of Catalyst HD depended on R, G, B, ΔE, edge, 
area and curvature. It was different between different colors. The 
detection dependence on ΔE changed with a sigmoid distribution. In the 
AP direction, the distribution was close to a staircase function and the 
dependence on curvature was not found. Hence, it is feasible to manage 
motion accurately by Catalyst HD. 
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