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ABSTRACT

Photostimulable phosphor (PSP) plate-based digital radiographic systems are widely
used in the dental clinic. PSP dental scanners are, in many circumstances, inevitably
placed in bright rooms and, when the PSP plate is exposed to light, some artifacts can
be noticed in the final image. Considering this clinical reality, it is important to determine
a safe limit of light exposure to guide clinicians when handling PSP plates. Therefore,
the aim of this study was to quantitatively evaluate the influence of the duration of
ambient light exposure on the image quality of digital radiographs obtained from
contemporary PSP-based systems under different X-ray exposure times. Radiographs
of an aluminum step-wedge longitudinally fixed on the PSP plates of two contemporary
digital radiographic systems — VistaScan and Express — were obtained with Focus unit,
adjusted at five X-ray exposure times: 0.10, 0.20, 0.32, 0.40, and 0.50 s. After X-ray
exposure, but before scanning, half of the sensitive surface of the PSP plates was
exposed to ambient light for 5, 10, 30, 60, and 90 s. Eighteen regions of interest (ROISs)
were selected in each step of the aluminum step-wedge to obtain mean gray values
(MGVs) and standard deviation to calculate five metrics: brightness, contrast, contrast-
to-noise ratio (CNR), signal-to-noise ratio (SNR), and image saturation. Brightness was
defined as the average of MGVs from the nine ROIs and contrast was defined as the
average of the differences of MGVs between adjacent pairs of aluminum steps. To
calculate CNR, the difference of MGV between adjacent pairs of aluminum steps was
individually divided by the average of the standard deviation values of the same steps.
To obtain SNR, the MGV of each ROI was individually divided by the standard
deviation and averaged. Finally, to express image saturation, the number of saturated
steps — bright saturation (MGV = 254) and dark saturation (MGV < 1) —was counted in
both halves of the PSP plate. Then, the resulting values in the exposed-to-light half
and the non-exposed-to-light half of each metric were individually subtracted and the
resulting absolute values were averaged among the ten repeated radiographs. The
effect of light exposure on brightness, contrast, CNR, SNR, and image saturation was
compared using ANOVA with the Tukey test (a = 0.05). Ambient light exposure
increased brightness and contrast and reduced CNR and SNR in PSP-based
radiographs of contemporary digital systems. At the longest X-ray exposure times,
ambient light exposure reduced the dark saturation (MGVs < 1) in Express. In

conclusion, the negative effects of ambient light observed on the image quality of PSP-



based radiographs are directly proportional to the duration of exposure. Clinicians
should be aware of such harmful effects when handling and scanning PSP plates in

bright environments.

Keywords: digital dental radiography; light; image processing



RESUMO

Os sistemas radiograficos digitais de placas de fésforo fotoestimulaveis (PSP) séo
amplamente utilizados na clinica odontoldgica. Os scanners de PSP sdo, em muitas
circunstancias, inevitavelmente posicionados em ambientes iluminados e quando a
PSP é exposta a luz, alguns artefatos podem ser observados na imagem final.
Considerando essa realidade clinica, é importante determinar um limite seguro de
exposicdo a luz para orientar os clinicos. Portanto, o objetivo deste estudo foi avaliar
quantitativamente a influéncia da duracdo da exposicdo a luz ambiente na qualidade
da imagem de radiografias digitais obtidas com sistemas contemporaneos de PSP sob
diferentes tempos de exposicao aos raios X. Radiografias de uma escala de aluminio
fixada longitudinalmente sob as PSP de dois sistemas radiograficos digitais
contemporaneos - VistaScan e Express - foram obtidas com o aparelho Focus,
ajustado em cinco tempos de exposicéo aos raios X: 0,10, 0,20, 0,32, 0,40 e 0,50s.
Apods a exposicado aos raios X, mas antes do escaneamento, metade da superficie
sensivel das PSP foi exposta a luz ambiente por 5, 10, 30, 60 e 90s. Dezoito regides
de interesse (ROIs) foram selecionadas em cada degrau da escala de aluminio para
obter valores médios de cinza (MGVs) e desvio padrdo para calcular cinco métricas:
brilho, contraste, relacédo contraste-ruido (CNR), relacéo sinal-ruido (SNR) e saturacéo
da imagem. O brilho foi definido como a média de MGVs das nove ROIs e o contraste
foi definido como a média das diferencas de MGVs entre pares adjacentes de degraus
de aluminio. Para calcular o CNR, a diferenca de MGVs entre pares adjacentes de
degraus de aluminio foi dividida individualmente pela média dos valores de desvio
padrdao dos mesmos degraus. Para obter SNR, o MGV de cada ROI foi dividido
individualmente pelo desvio padrao e calculado a média. Por fim, para expressar a
saturacao da imagem, o numero de degraus saturados - saturagao clara (MGV=254)
e saturagdo escura (MGV<1) - foi contado em ambas as metades da PSP. Em
seguida, os valores resultantes na metade exposta a luz e na metade ndo exposta de
cada métrica foram subtraidos individualmente e os valores absolutos resultantes
foram calculados entre as dez radiografias repetidas. O efeito da exposi¢éo a luz no
brilho, contraste, CNR, SNR e saturacdo da imagem foi comparado usando ANOVA
com teste de Tukey (0=0,05). A exposigao a luz ambiente aumentou o brilho e o
contraste e reduziu o0 CNR e o SNR em radiografias obtidas com sistemas digitais

contemporaneos de PSP. Nos tempos de exposicdo aos raios X mais longos, a



exposicao a luz ambiente reduziu a saturagao escura (MGVs<1) no Express. Em
suma, os efeitos negativos da luz ambiente observados na qualidade da imagem de
radiografias obtidas com PSP sao diretamente proporcionais a duragdo da exposic¢ao.
Os clinicos devem estar cientes desses efeitos nocivos ao manusear e escanear PSP

em ambientes claros.

Palavras-chave: radiografia odontoldgica digital; luz; processamento de imagem
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1 INTRODUCTION

Intraoral radiography is the most used technique in dental practice with digital
radiographic systems being widely used nowadays (Wenzel e Mgystad, 2010).
Photostimulable phosphor (PSP) plates were introduced in Oral Radiology in 1994
(Pauwels, 2020) and brought some important advantages when compared with film,
such as, lower X-ray dose, time saving, and the availability of post-processing tools
(Elderly et al., 2021). In PSP-based radiographs, the sensitive surface of the PSP plate
is exposed to X-rays, a latent image is produced and, to observe the final image in the

computer screen, scanning is necessary (Wenzel e Mgystad, 2010).

When handling PSP plates, some deterioration may occur such as scratches
from bending, pressure, friction, biting, and ageing (Caliskan e Sumer, 2017). Also,
before scanning, PSP plates can be inadvertently exposed to light. Previous studies
(Chiu et al., 2008), (Gulsahi e Secgin, 2016), (Caliskan e Sumer, 2017), (Deniz e Kaya,
2019), (Elkhateeb et al., 2022) have already shown that some artifacts can be noticed
in the final image when the PSP plate is exposed to light, such as, fading, which is
described as a zone of increased brightness, density inhomogeneity, and noise.
Despite some differences among the artifacts, they are mostly related to the ambient
light exposure of unsheathed or partially sheathed PSP plates (Caliskan e Sumer,
2017).

In a clinical environment, the ambient light is modulated by the number, size,
and position of windows and lamps, weather conditions, and time of the day (Jivanescu
et al., 2021) and can widely vary among dental clinics (Revilla-Léon et al., 2021). In
many circumstances, PSP dental scanners are inevitably placed in bright rooms, next
to the dental chair, or in common areas. Therefore, multiple conditions frequently
observed in the routine of dental practitioners can lead to light exposure of PSP plates,
such as when the opaque envelope is slightly loose, when the professional is
excessively slow to unwrap and insert the PSP plate into the scanner, or when the PSP
system is designed in a way that the plate is partially exposed to light when placed in
the aperture of the transport slot of the scanner.

Radiographic image quality can be quantitatively assessed by multiple means,
including (1) brightness, which reveals the pixel intensity, (2) contrast, which
represents the difference between pixel intensities, (3) contrast-to-noise ratio (CNR),

which is the balance between contrast and noise, and (4) signal-to-noise ratio (SNR)
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which is the balance between mean gray values (MGVs) and noise. Also, although
PSP plate-based digital radiographic systems have a longer dynamic range than
analog films and solid-state sensors (Wenzel e Mgystad, 2010), (Marinho-Vieira et al.,
2021) the selection of X-ray exposure time must be accurate to avoid unnecessary
patient exposure, leading to image saturation, which is an important metric to consider.
Ambient light exposure has revealed to negatively affect the SNR of two discontinued
digital radiographic systems (Ramamurthy et al., 2004), but its effect in other important

metrics remains unanswered.

Since the time elapsed between radiographic exposure and the insertion of the
PSP plate into the scanner can vary considering the experience of the clinician and the
digital radiographic system, it is important to determine a safe limit of light exposure to
guide the clinicians when handling PSP plates. Also, assessing brightness, contrast,
CNR, SNR, and image saturation of PSP plates exposed to light is relevant to obtain
a robust and consistent knowledge regarding the impact of light exposure in the image
quality of PSP-based systems. Therefore, the aim of this study was to quantitatively
evaluate the influence of the duration of ambient light exposure on the image quality of
digital radiographs obtained from contemporary PSP-based systems under different X-

ray exposure times.
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ABSTRACT

The aim of this study is to quantitatively evaluate the influence of the duration of
ambient light exposure on the image quality of digital radiographs obtained with
contemporary phosphor plate (PSP)-based systems. Radiographs of an aluminum
step-wedge were obtained using VistaScan and Express systems at five X-ray
exposure times: 0.10, 0.20, 0.32, 0.40, and 0.50 s; the resulting dose-area products
were, respectively, 21.93, 43.87, 70.19, 87.75, and 109.6 mGycm2. Before PSP read-
out, half of the sensitive surface of the PSP plates was exposed to ambient light for 5,
10, 30, 60, and 90 s. The effect of light exposure on brightness, contrast, contrast-to-
noise ratio (CNR), signal-to-noise ratio (SNR), and image saturation was compared
using ANOVA with the Tukey test (a = 0.05). Ambient light exposure increased
brightness and contrast and reduced CNR and SNR in PSP-based radiographs of
contemporary digital systems. At the longest X-ray exposure times, ambient light
exposure reduced the dark saturation (mean gray values < 1) observed in Express. In
conclusion, the negative effects of ambient light observed on the image quality of PSP-
based radiographs are directly proportional to the duration of exposure. Clinicians
should be aware of such harmful effects when handling and scanning PSP plates in

bright environments.

Keywords: digital dental radiography; light; image processing
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INTRODUCTION

Photostimulable phosphor (PSP) plate is a type of image receptor widely used in
intraoral digital radiography. After exposure to X-rays, the latent image stored in the
PSP plate needs to be scanned to produce a visible image on the computer screen
[1,2]. Despite the benefits of PSP systems, such as time-saving, post-processing tools,
and good image quality [3], this inherently indirect way of producing radiographs may
be a potential source of image-quality impairment. Because PSP plates are moderately
sensitive to light, ambient lighting can lead to fading, density inhomogeneity, and noise
[4-8].

Fading can be described as the natural loss of the stored energy from within a
phosphor crystal lattice. In PSP plates, fading of the trapped signal occurs
exponentially over time as a result of spontaneous phosphorescence, which is the
transformation of Eu3+ to Eu2+ [9,10]. This effect can occur when the scanning is
delayed and/or when the PSP plate is exposed to ambient light before scanning [2,11].
Previous studies assessing the impact of fading on the image quality of radiographs
obtained using PSP-based systems have been published [2,9,11-13]; most of them
[9,11-13] focused only on the effect of delayed scanning on mean gray values (MGVS).
Conversely, in 2004, Ramamurthy et al. [2] evaluated the impact of ambient light
exposure on PSP plates of two discontinued digital radiographic systems but
considered only the signal-to-noise-ratio (SNR) as a parameter of image quality.
Hence, the impact of the duration of ambient light exposure (which has a direct clinical
impact) on important image quality parameters, such as brightness, contrast, contrast-
to-noise ratio (CNR), SNR and image saturation of radiographs obtained with
contemporary digital radiographic systems at different X-rays exposure times, re-mains
unanswered.

There are multiple clinical conditions in the routine of dental practitioners in
which PSP plates can be unintentionally exposed to light for varying durations,
including those during which the PSP plate is partially unsheathed [7] or during a full-
mouth series, power failure, and software issues, when the PSP plate is in a slightly
loose opaque envelope [13]. Thus, the aim of this study is to quantitatively evaluate
the influence of the duration of ambient light exposure on the image quality of digital
radiographs obtained from contemporary PSP-based systems under different X-ray

exposure times.
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MATERIALS AND METHODS
X-ray Exposure

Ten repeated digital radiographs were obtained from an aluminum step-wedge
composed of nine steps with an incremental thickness of 1 mm, longitudinally fixed in
the center of a sheathed size 2 PSP plate (Figure 1A,B) of two digital radiographic
systems: VistaScan Perio Plus (Durr Dental, Beitigheim-Bissingen, Germany) and
Express (Instrumentarium Imaging, Tuusula, Finland). The X-ray source used for all
exposures was the Focus unit (Instrumentarium, Tuusula, Finland) adjusted at 70 kV,
7 mA, a focus-to-image receptor distance of 30 cm, and five exposure times: 0.10,
0.20, 0.32, 0.40, and 0.50 s. The resulting dose—area product of each X-ray exposure
time was, respectively, 21.93, 43.87, 70.19, 87.75, and 109.6 mGycm?,

goooooooao

gonn

Figure 1. Setup for X-ray and light exposures. (A,B). Upper and lateral view of the aluminum
step-wedge longitudinally fixed in the center of a sheathed size-2 PSP plate for X-ray exposure.
(C). Upper view of the PSP plate with half of the sensitive surface covered with black
paperboard for ambient light exposure. (D). Representative radiograph with the 18 ROIs: 9 in
the exposed-to-light half (full-line rectangles) and 9 in the non-exposed-to-light half (dotted-line
rectangles).

Light Exposure and Scanning

After X-ray exposure but before scanning, half of the sensitive surface of the PSP
plates was covered with black paperboard and the other half was exposed to ambient
light (Figure 1C) for five durations: 5, 10, 30, 60, and 90 s. The duration of ambient
light exposure was established based on certain clinical situations that routinely occur
in dental schools and offices; the shorter durations (0—10 s) simulated when the
opaque protection envelope is slightly loose or when the PSP scanner is designed in
such a way that the plate is partially exposed to the ambient light when placed in the
aperture of the transport slot of the scanner and the longer durations (30-90 s)

simulated the time elapsed in a full-mouth series when multiple PSP plates are used.
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Ambient light exposure and scanning occurred in a light-proof environment to
avoid possible interference from uncontrolled sources of light. The ambient light was
standardized to simulate a common clinical environment where the PSP scanner is
located in a bright room by using a fluorescent lamp of 1380 Im, 23 W, 110 V, located
2.5 m away from the PSP plate. The resulting illuminance of this lamp on the surface
of the PSP plate was measured using the Sekonic L-358 photometer (Sekonic, North
White Plains, NY, USA) adjusted to the ambient-light-measurement mode, with the
lumisphere extended and an ISO of 100, which registered 80 lux. Furthermore, for
control purposes, a group of 10 PSP plates of each digital radiographic system was
not exposed to ambient light.

All PSP plates were scanned immediately after ambient light exposure and the
600 resulting radiographs [10 repetitions x 2 digital radiographic systems x 5 X-ray
exposure times x (5 ambient light exposure times + no light exposure)] were exported
in the original file format (RAW). Representative radiographs of each experimental
condition can be observed in Figures 2 and 3. Also, because the VistaScan Perio Plus
system is capable of simultaneously scanning 4 PSP plates, the PSP plates were
placed in the same position and orientation in the cassette and scanned in the same

transport slot to ensure highly controlled research conditions.

VISTASCAN
Light Exposure Times

10s

X-ray

Exposure
Times 032s

Figure 2. Representative radiographs of each experimental condition obtained using VistaScan. All
images are shown using the same display window and level.
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EXPRESS

Light Exposure Times

No Light /

Llh‘[ l | I

X-ray
Exposure

- 0.32s
Times

Figure 3. Representative radiographs of each experimental condition obtained using Express. All
images are shown using the same display window and level.

Image Evaluation

Using ImageJ software (National Institutes of Health, Bethesda, MD, USA), two regions
of interest (ROI) were selected in nine fully exhibited steps of the aluminum step-wedge
in all radiographs, such that one ROI was selected in the exposed-to-light half and the
other one in the non-exposed-to-light half, totaling 18 ROIs per radiograph, as shown
in Figure 1D. From each ROI, mean gray values (MGVs) and standard deviation of
gray values were obtained.

Five metrics were assessed: brightness, contrast, CNR, SNR, and image
saturation. Brightness was defined as the average of MGVs from the nine ROIs.
Contrast was defined as the average of the differences of MGVs between adjacent
pairs of aluminum steps. CNR was calculated for every two adjacent aluminum steps
from both halves of the PSP plate and averaged. To calculate CNR, the difference of
MGV between adjacent pairs of aluminum steps (represented by letters a and b in the
following formula) was individually divided by the average of the standard deviation

values of the same steps, as follows: CNR = MeVy—M&Va 14 obtain SNR, the MGV of
(SDg+SDp)/2"

each ROI was individually divided by the standard deviation and averaged. Finally, to

express image saturation, the number of saturated steps—bright saturation (MGV =
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254) or dark saturation (MGV < 1)—was counted in both halves of the PSP plate.
Then, the resulting values in the exposed-to-light half and the non-exposed-to-

light half of each metric were individually subtracted and the resulting absolute values

were averaged among the ten repeated radiographs. The final values will be referred

to as discrepancy values.
Statistical Analysis

Exploratory data analysis was performed and transformations according to Box
Cox [14] were necessary (A = 0.5 for brightness in both systems, A = 0.5 for contrast in
the VistaScan system, and A = 0.35 for contrast in the Express system). After data
transformation and using SAS software (SAS Software, Cary, NC, USA), version 9.4,
analysis of variance (ANOVA) was applied whilst considering the effects of ambient
light exposure time, X-ray exposure time, and the interaction between them. Multiple
comparisons were performed using the Tukey test. The significance level was set at
5% (a = 0.05).
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RESULTS

As shown in Figure 4 and Tables 1 and 2 the exposure of PSP plates to ambient light
affected image brightness irrespective of the X-ray exposure time and digital
radiographic system, with significantly greater brightness discrepancy at longer
ambient light exposure times (p < 0.05). MGVs in the exposed-to-light half of the PSP
plates were higher than those in the non-exposed-to-light half. In most cases in
VistaScan, longer X-ray exposure times led to a higher brightness discrepancy. In
Express, the X-ray exposure time of 0.50 s presented the smallest brightness

discrepancy at all ambient light exposure times (p < 0.05).

Table 1. Mean values, standard deviation (SD), and pairwise significance (Sig.) of brightness

discrepancy as a function of light and X-ray exposure times for the VistaScan system.

Light Exposure Time (s)

X-ray Exposure Time (s) 0 5 10 30 60 90
Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig.
0.1 0.38 0.22Aab 1.82 0.31Bab 4.75 0.64Cb 24.89 2.86Db 43.22 2.39Eb 56.84 0.93Fb
0.2 0.31 0.20Aab 1.68 0.41Bab 5.08 0.84Cb 27.33 3.14Da 46.37 2.39Eab 58.97 1.72Fb
0.32 0.25 0.13Aab 1.37 0.46Bb 4.94 0.57Cb 27.42 2.99Da 45.56 2.85Eb 60.48 1.16Fb
0.4 0.16 0.13Ab 2.31 0.43Ba 5.76 0.81Cab 23.83 2.60Db 46.59 0.76Eab 61.60 0.90Fab
0.5 0.65 0.50Aa 2.50 0.70Ba 6.95 0.92Ca 30.44 3.08Da 50.67 0.69Ea 66.39 1.16Fa

p-values from ANOVA representing overall effects: p (Exposure time) < 0.0001; p (Light Condition) < 0.0001; p (Exposure time x
Light Condition) < 0.0001. Pairwise comparisons from Tukey’s test are shown under the significance (Sig.) columns: mean values
followed by distinct uppercase letters differ significantly between ambient light exposure times for the same X-ray exposure time
(i.e., comparisons within the same row) and mean values followed by distinct lowercase letters differ significantly between X-ray
exposure times for the same ambient light exposure time (i.e., comparisons within the same column).
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Figure 4. Bar graphs showing mean values of brightness and contrast discrepancies (in gray values)
and standard deviations (error bars) as a function of exposure times of X-rays and ambient light for both

digital radiographic systems.

Table 2. Mean values, standard deviation (SD), and pairwise significance (Sig.) of brightness

discrepancy as a function of light and X-ray exposure times for the Express system.

Light Exposure Time (s)

X-ray Exposure Time (s) 0 5 10 30 60 90
Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig.
0.1 0.49 0.29Aa 3.03 0.31Bab 7.47 0.72Cab 27.752.17Db 61.34 1.35Eb 94.18 1.18Fa
0.2 0.66 0.64Aa 3.31 0.41Ba 8.51 0.82Ca 33.80 1.23Da 68.02 5.00Ea 95.70 2.35Fa
0.32 0.95 0.73Aa 3.17 0.46Bab 5.95 0.87Cb 25.19 2.00Dc 68.01 2.81Ea 95.87 6.26Fa
0.4 0.65 0.31Aa 2.76 0.43Bab 5.16 0.59Cc 22.80 1.77Dc 57.96 1.42Eb 94.30 2.74Fa
0.5 0.88 0.41Aa 2.10 0.70Bb 5.24 0.84Cc 18.551.22Dd 51.82 4.97Ec 85.60 1.81Fb

p-values from ANOVA representing overall effects: p (Exposure time) < 0.0001; p (Light Condition) < 0.0001; p (Exposure time x
Light Condition) < 0.0001. Pairwise comparisons from Tukey'’s test are shown under the significance (Sig.) columns: mean values
followed by distinct uppercase letters differ significantly between ambient light exposure times for the same X-ray exposure time
(i.e., comparisons within the same row) and mean values followed by distinct lowercase letters differ significantly between X-ray
exposure times for the same ambient light exposure time (i.e., comparisons within the same column).
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The exposure of PSP plates to ambient light also affected image contrast
irrespective of the X-ray exposure time and digital radiographic system, with
significantly greater contrast discrepancy as of 30 s in Express and 10 s in VistaScan
(p < 0.05). When comparing contrast discrepancy among X-ray exposure times, no
consistent behavior was observed for both systems (Figure 4 and Tables 3 and 4).
Mean contrast values in the exposed-to-light half of the PSP plates were higher than

those in the non-exposed-to-light half.

Table 3. Mean values, standard deviation (SD), and pairwise significance (Sig.) of contrast discrepancy

as a function of light and X-ray exposure times for the VistaScan system.

Light Exposure Time (s)

X-ray Exposure Time (s) 0 5 10 30 60 90
Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig.
0.1 0.19 0.13Aa 0.20 0.15Aa 0.87 0.81Bab 3.29 0.41Cb 5.63 0.45Da 7.39 0.20Eb
0.2 0.18 0.12Aa 0.36 0.31Aa 0.76 0.26Bab 3.56 0.42Cab 6.32 0.57Da 8.12 0.33Eab
0.32 0.15 0.12Aa 0.27 0.23Aa 0.62 0.18Bb 3.60 0.42Cab 6.26 0.64Da 8.13 0.23Eab
0.4 0.14 0.09Aa 0.27 0.23Aa 0.83 0.25Bab 3.13 0.35Cb 6.20 0.15Da 8.22 0.37Eab
0.5 0.25 0.26Aa 0.51 0.28Aa 1.09 0.29Ba 4.14 0.52Ca 6.51 0.22Da 8.75 0.20Ea

p-values from ANOVA representing overall effects: p (Exposure time) < 0.0001; p (Light Condition) < 0.0001; p (Exposure time x
Light Condition) = 0.0432. Pairwise comparisons from Tukey’s test are shown under the significance (Sig.) columns: mean values
followed by distinct uppercase letters differ significantly between ambient light exposure times for the same X-ray exposure time
(i.e., comparisons within the same row) and mean values followed by distinct lowercase letters differ significantly between X-ray
exposure times for the same ambient light exposure time (i.e., comparisons within the same column).

Table 4. Mean values, standard deviation (SD), and pairwise significance (Sig.) of contrast discrepancy

as a function of light and X-ray exposure times for the Express system.

Light Exposure Time (s)

X-ray Exposure Time (s) 0 5 10 30 60 90
Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig. Mean SD Sig.
0.1 0.35 0.24Ba 0.32 0.22Ba 0.64 0.31Ba 2.84 0.31Ca 5.72 0.18Da 5.79 0.20Dab
0.2 0.11 0.09Bab 0.30 0.27CBa 0.28 0.19CBb 0.42 0.33Cc 0.53 0.49Cb 4.57 1.34Db
0.32 0.15 0.11Bab 0.29 0.29Ba 0.27 0.17Bb 1.60 0.21Cb 3.28 0.36Db 2.55 0.56DCc
0.4 0.09 0.07Ab 0.43 0.21Ba 0.86 0.19Ba 2.36 0.34Cab 4.37 0.25Dab 4.64 0.57Dab
0.5 0.25 0.15Aab 0.36 0.15Aa 1.11 0.32Ba 3.24 0.31Ca 5.41 0.62Da 6.57 0.52Da

p-values from ANOVA representing overall effects: p (Exposure time) < 0.0001; p (Light Condition) < 0.0001; p (Exposure time x
Light Condition) < 0.0001. Pairwise comparisons from Tukey'’s test are shown under the significance (Sig.) columns: mean values
followed by distinct uppercase letters differ significantly between ambient light exposure times for the same X-ray exposure time
(i.e., comparisons within the same row) and mean values followed by distinct lowercase letters differ significantly between X-ray
exposure times for the same ambient light exposure time (i.e., comparisons within the same column).

The discrepancy in CNR and SNR values between the exposed- and non-
exposed-to-light halves of the PSP plates increased when ambient light exposure time

increased, irrespective of the digital radiographic system. The CNR and SNR values
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of the exposed-to-light half of the PSP plates were lower than that of the non-exposed-
to-light half. Overall, for the same ambient light exposure, higher discrepancies in CNR
values were observed at the lowest X-ray exposure times for both digital radiographic
systems. As for SNR, at the lowest X-ray exposure times, higher discrepancies were
observed for Express and lower discrepancies were observed for VistaScan.

At the X-ray and ambient light exposure times used in this study, no bright
saturation (MGV = 254) was observed in either digital system; dark saturation (MGV <
1) was only identified in the Express system at X-ray exposure times of 0.40 and 0.50
s. Interestingly, the number of dark-saturated steps was greater in the non-exposed
than in the exposed-to-light half of the PSP plates (2 steps versus 1 step, respectively).
The dark saturation discrepancy between the exposed- and non-exposed-to-light
halves of the PSP plates was directly proportional to the ambient light exposure times,
except for at 90 s.

The discrepancy values observed in Figure 4 and Tables 1-4 increased most
notably as of 10 s of light exposure, irrespective of the X-ray exposure time and digital

radiographic system.
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DISCUSSION

The duration of ambient light exposure is directly proportional to its negative effect on
the image quality of PSP-based radiographs. Overall, increased ambient light
exposure time led to significantly higher discrepancies in brightness, contrast, SNR,
and CNR, irrespective of the X-ray exposure time and digital radiographic system.
Furthermore, only in Express was the dark saturation observed at the longest X-ray
exposure times—0.40and 0.50 s—reduced at 90 s of ambient light exposure. All
ambient light exposure times evaluated—from 5 s to 90 s—affected brightness,
contrast, and CNR. Therefore, based on this in vitro setup, we would recommend
avoiding any ambient light exposure of PSP plates in the time that elapses between
exposure to X-rays and scanning. However, although follow-up clinical studies are
needed to assess the effect of ambient light on different diagnostic tasks, when we
consider our outcomes, it seems reasonable to suggest 10 s as the maximum ambient
light exposure time (Figure 4 and Tables 1-4), since both brightness and contrast
discrepancy values were more prominent as of 30 s.

Discrepancy values are considered to be a good strategy to assess the effect of
ambient light on PSP plates and more appropriate for comparison purposes than the
absolute digital values because only the former can reflect good versus bad behavior,
which means that greater discrepancy is harmful and reduced discrepancy is
beneficial. When it comes to the absolute MGV and contrast values, greater and lower
values do not necessarily correlate with being good or bad and strongly depend on
clinical validation.

Radiographic image quality can be assessed through numerous metrics such
as brightness, contrast, SNR, and CNR; an ideal radiographic image should reveal
intermediate levels of these parameters. Brightness reveals the intensity of a pixel,
contrast represents the difference between pixel intensities [15], CNR is the balance
between contrast and noise [15,16], and SNR is related to the image quality of a digital
radiograph [2]. Accordingly, higher CNR values represent a satisfactory balance: when
image contrast outweighs image noise. In the present study, CNR and SNR decreased
when ambient light exposure time increased, which is in agreement with previous
studies [2,7].

Although previous studies have addressed the effect of delayed scanning on

the image quality of PSP plates [9,11,12,17,18], none of them isolated the impact of
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ambient light exposure on the image quality of PSP plate-based radiographs. We
strongly believe that the increased image brightness and contrast observed after light
exposure within the durations proposed in the present study might be a consequence
of the directly proportional erasing of PSP plates. Because the clinical relevance of
brightness and contrast adjustments for image quality is user-specific, it is important to
highlight that the present methodological design focused only on detection of the
discrepancy caused by ambient light exposure; pre-clinical and clinical studies are
needed to further assess the effect on multiple diagnostic tasks.

The present study also evaluated the effect of ambient light on image saturation,
which is when the limits of the grayscale are reached. No cases of bright saturation
(MGV = 254) were observed in the present study, only dark saturation (MGV < 1).
Although PSP plate-based digital radiographic systems present a longer dynamic
range than analog films and solid-state sensors [1,16], the selection of X-ray exposure
time must be accurate to avoid unnecessary patient exposure [16]. Interestingly, in the
present study, the exposure of PSP plates to light for 90 s reduced dark saturation.
Intriguingly, this may reveal that ambient light exposure was beneficial for that specific
condition. Despite this, assuming that ambient light exposure erases PSP plates, such
ambient light exposure may have partially erased the dark steps and increased the
MGVs. It is unlikely that this effect translates to clinical images, i.e., it will not allow one
to recover anatomical details that are lost due to overexposure. Furthermore, based
on radiation protection principles, X-ray overexposure cannot be ignored and
compensated for by means of ambient light exposure.

For the same ambient light exposure, X-ray exposure times led to some slightly
different behaviors in the effect of ambient light on image brightness and contrast
between the two digital radiographic systems used in this study. Although both digital
radiographic systems make use of PSP plates, we believe that such differences could
be related to their dynamic ranges. A previous study [16] assessed radiographic
images of human mandibles and revealed that VistaScan has a greater dynamic range
than Express, which could be the reason why contrast discrepancy was, in general,
more impactful in VistaScan. As for some non-uniform results in Express, we believe
that some technical specifications not disclosed by the manufacturers—for instance,
the exact composition of the PSP plate, actual sensitivity, scanning laser beam width,
and scan direction—may be the cause of such differences; no possible effect from

digital postprocessing was considered because we intentionally only made use of RAW
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files. It is important to consider the significant role of manufacturers in further
developing currently marketed PSP-based systems by possibly increasing the energy-
sensitivity of the materials to respond solely or primarily to X-rays rather than to visible
light. However, we recognize that the materials and methods could be quite costly and
thus not marketable for the time being. Importantly, our study focused on contemporary
PSP-based systems, which can be expected to have the most advanced technology.
The image quality of PSP plate-based radiographs was quantitatively evaluated
in this study and found to be affected by ambient light exposure. Considering the in-
vitro nature of the present study, our methodological approach allowed us to have
absolute control over external factors to isolate the impact of ambient light and X-ray
exposures on the image quality of PSP plate-based radiographs. Further studies
qualitatively assessing the impact of ambient light on PSP plates on different diagnostic

tasks are encouraged.
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CONCLUSIONS

The negative effects of ambient light exposure on the image quality of PSP-based
radiographs are directly proportional to the duration of exposure. The effects include
increased brightness and contrast and decreased CNR, SNR, and dark saturation.
Clinicians should be aware of such harmful effects when handling and scanning PSP

plates in bright environments.
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3 CONCLUSIONS

Ambient light exposure impairs the image quality of PSP-based radiographs.
The negative effects are directly proportional to the duration of exposure and include
increased brightness and contrast and decreased CNR, SNR, and dark saturation.
Clinicians should be aware of such harmful effects when handling and scanning PSP

plates in bright environments.
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APPENDIX 1 - Extended Methodology

This session describes, in detail, the materials and methods used to perform the study
“‘How does ambient light affect the image quality of phosphor plate digital radiography?

A quantitative analysis using contemporary digital radiographic systems”

X-ray Exposure

Ten repeated digital radiographs were obtained from an aluminum step-wedge
composed of nine steps with an incremental thickness of 1 mm, longitudinally fixed in
the center of a sheathed size 2 PSP plate (Figure 1A-B) of two digital radiographic
systems: VistaScan Perio Plus (Figure 2A) (Durr Dental, Beitigheim-Bissingen,
Germany) and Express (Figure 2B) (Instrumentarium Imaging, Tuusula, Finland). The
PSP plate was fixed in a flat surface to obtain the same positioning for all radiographs
acquired in this study. The X-ray source used for all exposures was the Focus unit
(Figure 3) (Instrumentarium, Tuusula, Finland) adjusted at 70 kV, 7 mA, a focus-to-
image receptor distance of 30 cm (Figure 4), and five exposure times: 0.10, 0.20, 0.32,
0.40, and 0.50 s. The resulting dose—area product of each X-ray exposure time was,
respectively, 21.93, 43.87, 70.19, 87.75, and 109.6 mGycm?.

Figure 1. Aluminum step-wedge. A) Upper view. B) Lateral view.




Figure 2. Contemporary digital radiographic systems used: A) VistaScan Perio Plus. B) Express
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Figure 4. X-ray exposure setup with a focus-receptor distance of 30 cm.
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Light Exposure and Scanning

After X-ray exposure but before scanning, half of the sensitive surface of the PSP
plates was covered with black paperboard and the other half was exposed to ambient
light for five durations: 5, 10, 30, 60, and 90 s. The duration of ambient light exposure
was established based on certain clinical situations that routinely occur in dental
schools and offices; the shorter durations (0—-10 s) simulated when the opaque
protection envelope is slightly loose or when the PSP scanner is designed in such a
way that the plate is partially exposed to the ambient light when placed in the aperture
of the transport slot of the scanner and the longer durations (30-90 s) simulated the

time elapsed in a full-mouth series when multiple PSP plates are used.

A custom-made device (Figure 5) was built to perform the light exposure. A relay
was used, which was triggered by a button, with a fluorescent lamp coupled in a lamp
socket. The ambient light was standardized to simulate a common clinical environment
where the PSP scanner is located in a bright room by using a fluorescent lamp of 1380

Im, 23 W, 110 V, located 2.5 m away from the PSP plate. The resulting illuminance of
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this lamp on the surface of the PSP plate was measured using the Sekonic L-358
(Figure 6) photometer (Sekonic, North White Plains, NY, USA) adjusted to the ambient-
light-measurement mode, with the lumisphere extended and an ISO of 100, which
registered 80 lux. Furthermore, for control purposes, a group of 10 PSP plates of each
digital radiographic system was not exposed to ambient light.

All PSP plates were scanned immediately after ambient light exposure and the
600 resulting radiographs [10 repetitions x 2 digital radiographic systems x 5 X-ray
exposure times x (5 ambient light exposure times + no light exposure)] were exported
in the original file format (RAW) in an 8-bit scale. Representative radiographs of each
experimental condition can be observed in Figures 7 and 8. Also, because the
VistaScan Perio Plus system is capable of simultaneously scanning 4 PSP plates, the
PSP plates were placed in the same position and orientation in the cassette and

scanned in the same transport slot to ensure highly controlled research conditions.

Figure 5. Custom-made device for controlled light exposure.
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Figure 6. Sekonic L-358 photometer used to obtain the lamp illuminance.

Figure 7. Representative radiographs of each experimental condition obtained using VistaScan. All
images are shown using the same display window and level.
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Figure 8. Representative radiographs of each experimental condition obtained using Express. All
images are shown using the same display window and level.
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Image Evaluation

Using ImageJ software (National Institutes of Health, Bethesda, MD, USA), two regions
of interest (ROI) were selected in nine fully exhibited steps of the aluminum step-wedge
in all radiographs, such that one ROI was selected in the exposed-to-light half and the
other one in the non-exposed-to-light half, totaling 18 ROIs per radiograph. From each
ROI, mean gray values (MGVs) and standard deviation of gray values were obtained,

as shown in Figure 9.
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Figure 9. Image assessment using a radiograph from VistaScan system acquired with 0.10 s of X-
ray exposure and 90 s of light exposure: a) Selection of a rectangular region-of-interest (green
rectangle) in one step from the exposed-to-light half; b) Resulting histogram from which the mean
gray values (green circle) and the standard deviation (green arrow) were obtained.
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Five metrics were assessed: brightness, contrast, CNR, SNR, and image
saturation. Brightness was defined as the average of MGVs from the nine ROIs.
Contrast was defined as the average of the differences of MGVs between adjacent
pairs of aluminum steps. CNR was calculated for every two adjacent aluminum steps
from both halves of the PSP plate and averaged. To calculate CNR, the difference of
MGV between adjacent pairs of aluminum steps (represented by letters a and b in the
following formula) was individually divided by the average of the standard deviation

values of the same steps, as follows: CNR = MeVy—M&Va T4 obtain SNR, the MGV of
(§Da+SDp)/2

each ROI was individually divided by the standard deviation and averaged. Finally, to
express image saturation, the number of saturated steps—bright saturation (MGV =
254) or dark saturation (MGV < 1)—was counted in both halves of the PSP plate.

Then, the resulting values in the exposed-to-light half and the non-exposed-to-
light half of each metric were individually subtracted and the resulting absolute values
were averaged among the ten repeated radiographs. The final values will be referred

to as discrepancy values.
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Statistical analysis

Initially, descriptive and exploratory analyzes of the data were performed. Previous
analyzes indicated that transformations according to Box e Cox (1982) would be
necessary (A=0.5 for brightness in both systems, A=0.5 for contrast in the VistaScan
System and A =0.35 for contrast in the Express system) to meet the assumptions of an
analysis of variance (ANOVA). After data transformation, ANOVA was applied
considering the effects of ambient light exposure time, X-rays exposure time, as well
as the interaction between them. Multiple comparisons were performed using the
Tukey test. The analyzes were performed using the SAS program, with a significance

level of 5%.
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