Introduction

Newborn babies in the Neonatal Intensive Care Unit (NICU) often require numerous radiological
examinations during their first weeks of lifel. Due to the increased sensitivity of newborns to ionising
radiation, it is important to reduce the radiation dose where possible without compromising image
quality. NICU is one of the most critical areas for dose optimisation, as it has the youngest patients,
who often require multiple imaging exams?. Neonates are maintained in the incubator and warmer
systems to ensure a well-regulated, stable and protective environment, which also reduces the
chance of infection. Carver and Carver suggested that opening the incubator may change
temperature within the incubator which can adversely affect the neonate®. To perform radiographic
imaging of neonates, a mobile radiography system is used together with an image receptor (IR). The
radiographer can place the neonate directly onto the IR or use the built-in tray/slot; both these
methods have their benefits and limitations®. Placing the neonate directly onto the IR results in an
image with minimal magnification and allows for simple positioning and collimation checks. In
addition, there are no objects between the neonate and the IR resulting in limited additional
attenuation from other structures. However, placing the IR in the tray eliminates unnecessary
movement of the neonate during imaging and therefore minimising the risk of accidental
displacement of catheters, endotracheal tubes or other support devices. It also has potential
benefits from an infection control perspective. When the IR is placed within the tray, it makes
judgements regarding collimation and alignment more difficult, and also the radiation beam must
pass through the extra thickness of the mattress and the IR holder, which reduces beam attenuation
and consequently detector dose %>, A further variable is the presence or removal of the incubator
canopy (lid). This is typically left in place, but provides further reduction in beam attenuation and

consequently, it is necessary according to Rizzi and colleagues, to increase the exposure factors®.

As seen above, issues with incubator imaging are often acknowledged within the literature.
However, limited evidence is available to allow standardisation of this type of imaging. Little is
known about the effect of incubator design on image quality and radiation dose. Many assumptions
are made regarding the need for modification of acquisition parameters to compensate for placing
the IR within the tray®. A review of current literature is required to explore the optimal methods for
imaging a neonate within an incubator and the consequences of incubator design on image quality

and radiation dose.

Method



A systematic review was carried out following guidance provided by the Cochrane Collaboration’.
Eligibility criteria

Articles were included if they were written in English and explored radiation dose and/or image
quality in relation to neonatal incubator imaging. If studies explored neonatal incubator imaging but
did not consider or make reference to incubator design and the consequential effect on technique
(attenuation, tray, mattress) then they were excluded. In other words, the effect of the incubator on
imaging must be the primary focus of the included studies. All relevant study designs were
permissible with the exclusion of ideas, opinions, case studies and editorials. Only studies published
after 2004 were included, that was due to technological advancement both in radiographic

equipment and incubator design.

Sources

To ensure all relevant published studies were identified, a wide range of databases were searched
including: Medline via Ovid (2004 to present), Pubmed (2004 to present), Science Direct (2004 to
present), Cumulative Index to Nursing and Allied Health (CINAHL) (2004 to present) and the
Cochrane Library Database (2004 to present). In addition, the reference list of each relevant article
was searched for additional publications in accordance to the eligibility criteria.

Search strategy

A search strategy was performed for each individual database, this included keyword terms,
synonyms, and the AND/OR qualifiers. The “Medical Subject Heading” (MeSH) was used to help

identify related keywords which enabled the development of the key terms for searching (Table 1)

Study selection and data extraction

Following the search strategy, duplicates were removed and the remaining studies were screened by
two independent reviewers using the title and abstract in conjunction with the eligibility criteria.
Both reviewers met to compare findings; any differences in reviewers' judgements were resolved
through discussions until a consensus was reached. The included papers were then screened for full
text inclusion against the eligibility criteria by the same two independent reviewers. The quality of
each study was assessed using modified questions (to account for phantom studies) from the Critical
Appraisal Skills Programme Oxford UK (CASP) diagnostic checklist?.

The CASP diagnostic checklist was then applied to all eligible studies for assessing the quality
and presence of bias in the included papers. Each article was provided with a score from 0-7. If the

answer to a question was ‘yes’ it was scored 1, but if the answer to a question was ‘cannot tell’ or



‘no’ a score of 0 was awarded for that question. The result of this second phase of screening was the

same as previously where the two reviewers debated until consensus was reached.

Due to the limited literature identified on incubator imaging during the search strategy, all
studies identified were included within the review regardless of quality scoring. This was to ensure
that all relevant literature was included. The quality of these studies were, however critically

evaluated with their outcomes heavily scrutinised within the review analysis.

Results

The PRISMA flow chart (Figure 1) summarises the literature review search results®.Following the
initial search, 84 studies were identified, 24 were duplicates with the remaining 60 proceeding for
screening. Following screening, 25 papers qualified for full text review and confirmation of eligibility
(Figure 1). Upon extraction, both reviewers agreed that on closer inspection that 18 of the papers
did not meet the inclusion criteria. Although these 18 papers explored image quality and/or
radiation dose of neonates within incubators, they did not consider the impact of incubator design
on image quality and radiation dose. Two of the remaining seven articles were conference abstract
papers and following deliberation between the reviewers, these were included as they did meet the
inclusion criteria.

Overall, seven relevant articles were included within the review. The studies were of average
quality with CASP scores ranging from 2-5 out of a possible 7 (Table 2). The reviewers had no
disagreements with the scoring of article quality. Five of the seven papers were published within the
last 10 years, with the remaining two papers published between 10-15 years. These seven papers
accounted for 99% of the studies found within the search of literature (only 1 study was identified

prior to 15 years).

All studies identified were different in terms of research question and the methodology
used; therefore comparison of outcome measures was difficult. There was wide variation between
the attenuation values recorded for different incubator components, however this was expected
owing to methodological differences in how attenuation was calculated in terms of units used as
well as which incubator components were considered (Table 3).

Jiang and colleagues? considered the attenuation of the mattress and mattress support
individually but not the canopy, whereas Mutch and Wentworth® along with Rizzi and colleagues®
explored the attenuation of the canopy and then the mattress and mattress support combined (but

not individually). Rattan and Cohen® compared the attenuation of four different comfort



pads/mattresses but did not consider the incubator canopy nor mattress support. Both studies from
Del Rio¥  considered attenuation and made reference to the reduction in radiation dose reaching
the IR, however no information was provided on which incubator components were considered and
no numerical values were available regarding the stated reduction. This was due to the studies
being conference abstracts. Slade and co-workers!? did not consider attenuation values but instead
retrospectively explored differences in image quality between direct exposure and tray exposure
which indirectly reflects attenuation impact. Owing to the above methodological differences, there
was a wide variation in recorded attenuation values for incubator components ranging from 12%-
72%. These values are influenced by methodology differences but also they are influenced by the
make and manufacturer of the incubator, however this was difficult to quantify as only two studies
specified the type of incubator used®®. In addition, the studies whom provided attenuation values
for various different components of incubator design (individual components and combined)
calculated the percentage difference or percentage reduction between a direct exposure (without
any attenuator) in comparison to exposures with various different incubator component in-between
the X-ray tube and image receptor. These calculations were obtained at the surface the image
receptor or phantom for each scenario using different units such as ESD***and exposure index® and
therefore it is difficult to compare these attenuation values reliably due to these methodological
variations.

Six of the seven studies were phantom based studies who all found that incubator
components reduced beam energy hence the amount of radiation reaching the IR if placed in the
incubator tray (Table 3). This reduction was correlated with image quality in five studies, with Del
Rio and Jiang'? suggesting reduced image quality when using the incubator tray in comparison to
Mutch and Wentworth, Rizzi et al. and Slade et al. >®!2 who found no significant difference in image

156 which is designed for

quality. Three of the five studies used a Leeds Test Object TOR phantom
routine quality control to quantify the degree of threshold contrast in each image. A Leeds Test
Object does not resemble clinical imaging and therefore this method may not always be suitable for
evaluating different imaging systems or imaging techniques, since their contrast could behave
differently to the contrast of clinically relevant details with changing acquisition parameters?3,

Jiang et al.2on the other hand used an objective measure of image quality which was
contrast to noise ratio (CNR). CNR has been used successfully as a measure of image quality in
various optimisation studies %7, In comparison to SNR, CNR takes into consideration the effect of
noise on our ability to distinguish objects within the image because visibility depends on contrast

(the difference between signals). A highly exposed image may have a high SNR but show no useful

information on that image®®. According to the study by Jiang et al.2, CNR increased by 28-36% when



removing the mattress and support tray from the primary beam but whether this increase in CNR
would impact visual image quality using human observers is unknown. It must also be remembered
that CNR does not include the display and observation steps of the imaging process and therefore

.12 was the only study to use visual

does not truly reflect clinical processes. The study by Slade et a
grading analysis (VGA) with a criteria-based scoring system on actual neonatal chest images.
However, this study did not consider radiation dose and was limited by numerous confounding
variables such as radiographer practice variation, equipment variation, neonatal size and weight
variation which is seen by the fact that most X-ray examinations performed using incubator tray for

the study were on very premature neonates in comparison to direct exposures performed on larger

neonates. This means that comparisons within this study were flawed.

The effect of incubator components on image quality has been considered previously,
however consideration must be given to radiation dose. Although the seven studies reported that
incubator components reduced/absorbed X-ray beam intensity, there was limited evidence on
whether this required an increase in exposure factors. The report by Rizzi and colleagues® was the
only study which suggested increasing exposure parameters to accommodate for the increase in
beam attenuation when using an incubator tray, however this recommendation was based on an
assumption rather than evidence of any correlation with image quality.

Balancing radiation dose and image quality is the forefront of optimisation as sufficient
image quality is required for the lowest possible radiation dose. National legislation exists'® together

2022 recommending the importance of reducing radiation

with national and international guidelines
dose whilst maintain image quality. These national and international guidelines predominantly focus
on traditional methods of imaging and do not expand to more unconventional imaging situations
such as incubator imaging. When considering radiation dose there are many methods (direct and
indirect) which can be used to estimate radiation dose (examples DAP, IAK, ESD, E). Within the
studies reviewed, three used detector dose or radiation dose at the surface of each incubator
component in order to assess attenuation >>6, Detector entrance exposure (DEE) unit is not a
universally accepted dose quantity and has limited use in optimisation studies. It is also not cited in
radiation protection reports such as those from the International Commission on Radiological
Protection (ICRP)?> 2, From a radiation protection perspective, detector dose does not consider the
risk to the patient and it is also not fully understandable in terms of its correlation with image quality
therefore it must be carefully interpreted. The study by Rattan and Cohen'® used exposure index as a
metric to reflect attention and dose reduction but again exposure index is a controversial quantity

due to its lack of standardisation and needs to be considered carefully especially in terms of how it

translates into clinical practice. Only one from the seven articles calculated effective dose!! which



considers the associated risk of the exposure to the neonate and yet this was the study by Del Rio
and colleagues whereby only the abstract was available and therefore did not disclose any numerical
data/statistics to support the assumption that using the incubator tray as oppose to a direct
exposure increases radiation risk.

Another factor that makes it very difficult to compare the studies under review is the
acquisition parameters used within them (Table 4). A variety of different tube potentials and current
time product combinations were used as well as various SIDs. Currently there are no set guidelines
for neonatal chest imaging within an incubator, with the exception of the European Commission?,
however, they do not consider neonatal incubator components and design and were also based on
film-screen. The studies under review have therefore either used parameters based on local current
practice or have followed the recommendations of the European Commission despite their
limitations. Although the European Commission did not consider incubator components and the
difference between direct and tray exposure when recommending acquisition parameters, they
have within the same document made a generic statement regarding the importance of using low
attenuating materials for imaging to allow for reduction in patient dose for example table tops and
grids?. This is reinforced by work from Mutch and Wentworth® and Jiang and colleagues? who also
recommend within their studies that manufacturers need to consider the thickness and construction
of incubator support, mattress and canopy and to consider alternative materials that are more
radiolucent to ensure minimal beam attenuation. Yet again as suggested by Tugwell and
colleagues?®, manufacturers tend not to specify the density and construction of the materials and
components used for various medical equipment which makes it difficult to compare and explore
this issue further. Mutch and Wentworth found that construction and material across incubators
are similar with most of the attenuation caused by the mattress support®. However, Jiang argues
that the attenuation of comfort pads vary between different makes of incubator, even by the same
manufacturer?. These conflicting findings may be based on the method used to evaluate image
quality as small changes in image quality may be more apparent in objective measures such as CNR

in comparison to visual changes witnessed by human observer 252,

Discussion

An informative systematic review has been performed identifying seven articles that consider
incubator design and their influence on image quality and radiation dose when imaging neonates.
Although the quality of the studies varied owing to methodological flaws in each piece of work, the
findings within these studies are still important and highlight an unconventional area of imaging

requiring further standardisation and optimisation. All studies found a reduction in beam energy



reaching the IR however there was considerable variation in terms of how much attenuation and the
impact this reduction had on image quality and radiation dose risk to patients. This reduction in
beam energy reaching the IR will have an impact on image quality as there is a reduction of photons
reaching the IR, however, whether this is significant and impacts on visual image quality is a question
yet to be fully answered. All studies failed to correlate their findings with visual image quality in
addition to data on the radiation risk associated with incubator imaging. Perhaps the limited
evidence on visual image quality relates to most studies using a physics phantom for image quality
evaluation instead of either an anthropomorphic neonatal phantoms or control clinical trials which
would evaluate clinical practice more accurately. The seven studies therefore are limited in their
practical implications in terms of translation into clinical practice.

Another factor to consider when synthesising the results of this review is that imaging
equipment has changed over recent years due to healthcare demands, technological advances and
safety regulations and therefore it is important to conduct experimental work that not only
simulates clinical practice but uses up to date and current technology employed in clinical practice.
None of the seven studies within the review used direct digital radiography; only CR was used and
therefore this needs to be explored further using technology that is becoming wide spread in clinical
practice.

When taking into account incubator design and components, and how these features
impact/differ between direct exposure and tray exposure, attenuation is not the only factor to
consider. The difference in object to image distance (OID) will also vary as seen for trolley imaging?.
None of the seven articles explored this increase in OID and calculated the difference or evaluated
impact on magnification and geometric unsharpness. Mutch and Wentowrth did however make an
assumption based on the inverse square law that the difference in OID between direct exposure and
tray exposure may have accounted for one-fifth of the reduction see in IR dose within their study?®.
In theory, the closer the object being imaged is to the IR (reduced OID), the less the magnification,
and the better the geometric sharpness?” %, To overcome this issue, a slight increase in SID is
required which will reduce magnification but also reduce radiation dose to the patient?. However,
this may not always be possible for incubator imaging as there are restrictions to increasing SID e.g.
incubator height, radiographer height and the portable machine design #*3°. Tugwell et al. also
highlights the importance of the radiology department being involved in the procurement stages
when considering and purchasing new imaging equipment such as incubators?*. It is important that
incubator height can be lowered to ensure maximum SID can be achieved which also allows for
collimation to be closed to the area of interest as more area is covered with increased SID due to

beam divergence.



Limitations

Owing to the limited studies available on incubator imaging identified from the search strategy, the
study quality threshold was potentially compromised and therefore both lower quality studies and
conference abstracts were included within the review. The aim of this systematic review was to
identify all evidence relevant to the research questions and this may sometimes necessitate the
inclusion of ‘grey literature’ and those of lower quality. Even though these articles may be deemed
of lower quality, their findings are still relevant but need to be considered more carefully. A clearly
defined search strategy was established prior to review and the decision to include conference
abstracts was based on recommendations within the literature 333*. Conference abstracts
potentially contain a lot of information and when considering the limited literature on this subject,
the inclusion of this information was both important and justified. Furthermore, the potential

contributions of grey literature to systematic reviews are becoming increasingly more apparent.

The safety of the neonate when comparing direct and tray X-ray exposures was not explored within
any of the included studies and therefore no conclusions were drawn as to the benefits of tray
exposures when compared to those undertaken with direct contact to the neonate. Previous,

1232 \when moving and handling

historic studies, have demonstrated hypoexemia3!and bradycardia
neonates but this needs to be explored further, especially in terms of its relationship with

radiographic imaging.

Conclusion

The literature clearly demonstrates that with existing incubator designs, the X-ray beam is
attenuated considerably when the image receptor is placed in the incubator tray as oppose to
directly behind the neonate. However, this attenuation is not well correlated with both the radiation
dose risk to the neonate and the resultant image quality .This is confusing and poses challenges
when defining best clinical practice. Within the literature there is limited visual evaluation of image
quality using anthropomorphic phantoms together with limited evidence on effective dose and the

risk associated with the exposure of a neonate within an incubator.

Current studies on incubator imaging have been radiology led, with a focus on radiation dose,

attenuation and image quality. However, there needs to be a more holistic multi-disciplinary



approach to investigating the numerous factors that could affect neonates during radiographic
imaging. A larger clinical study is required that considers not only the radiological aspect of
incubator imaging but also the safety considerations from a nursing perspective (moving and
handling, infection control) together with the medical aspect e.g. diagnostic yield. What is optimal
from a radiology perspective may be outweighed by other associated risks/benefits. Within
radiology, an anthropomorphic phantom-based study estimating effective dose as well as evaluating
visual image quality is warranted to more fully explore the numerous variables/factors associated

with incubator imaging.
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