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Abstract

Introduction

Growth monitoring of preterm infants is essential for assessing the nutritional effects on their

growth. The current growth monitoring techniques are too stressful, however, for the small-

est preterm infants. We performed a systematic review to summarize studies on stress-free

techniques for measuring the body size of preterm infants inside incubators other than the

traditional calliper and tape measure-based instruments.

Methods

We searched four online literature databases: Embase, Medline, Web of Science Core Col-

lection, and Cochrane, using search terms related to patients (neonates, infants, children)

and body size measuring techniques. By means of expert judgement we assessed the tech-

niques’ suitability for stress-free body size measurement of an infant lying in an incubator.

As a criterion for suitability, we used an imaginary ideal technique.

Results

Twenty-six studies were included in this review. In 24 studies, the technique for body size

measurement was related to 3D technology, and the majority of these studies acknowl-

edged clinical superiority of 3D over 2D data. Two 3D techniques were assessed as suitable

for stress-free measurement of preterm infants inside incubators. The first technique used a

commercially available 3D handheld scanner which needed 3D postprocessing to derive

measurement data. The second technique used a self-developed stereoscopic vision

system.
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Conclusions

3D volumetric parameters have higher clinical value for growth monitoring than 2D. In addi-

tion, contactless 3D measurements enable stress-free growth monitoring of even the small-

est preterm infants. However, the time-consuming 3D postprocessing challenges the

usability of 3D techniques. Regrettably, none of the identified suitable 3D techniques met all

our requirements of an ideal all-in-one body size measuring technique for extreme preterm

infants. Handheld 3D scanning might have the best properties for developing this ideal

technique.

Introduction

Preterm infants–with birthweight less than 1500 grams–require optimal growth to foster the

short- and long-term neuro-developmental outcomes [1–3] (Fig 1). They may have difficulty,

however, to effectively convert nutrition into energy for actual growth, for example in the case

of infectious disease. A study has found that personalized nutrition may prevent a preterm

infant’s growth failure [4]. To assess the effect of personalized nutrition on growth, the infant’s

body size and weight should be accurately and frequently measured, ideally starting directly

after birth. Growth reference charts of weight, body length and head circumference are cur-

rently seen as the golden standard to assess growth (Fig 2) [5, 6].

Stress, induced by pain or discomfort, is related to suboptimal brain development [7, 8] and

negative effects for health in later life [9–13]. Neonatal stress is mainly related to procedural

pain from interventions in the neonatal intensive care unit (NICU), such as skin breaking

Fig 1. Preterm infant lying inside an incubator at a neonatal intensive care unit (NICU). The limited space inside

the incubator and the “spaghetti of wires, lines and tubes” makes it difficult to measure the body size without causing

stress to the infant. (image: CC BY BMJ Bonner et al. 2016).

https://doi.org/10.1371/journal.pone.0267285.g001
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procedures. Furthermore, any form of discomfort caused by light [14], noise [15–18] or touch-

ing may induce stress and can disturb the wake-sleep cycle [19, 20].

Achieving absence of stress and discomfort is essential in the routine care of preterm

infants. Today, individualized care programs with a strong focus on prevention of stress are

accepted as standard NICU care [21–23]. Routine caregiving is matched with the infant’s

sleep-wake cycle, and performed as minimally disturbing as possible. Infants should remain in

their comfortable, supportive ‘snuggles’ as much as possible, with their legs curled up, which is

their most comfortable, natural position.

Measuring body length or head circumference with commonly used calliper-style or tape

measure-style instruments techniques can be so stressful, however, for very small or sick pre-

term infants that NICU may tend to simply skip measurements [24–27]. These instruments

must be brought inside the tiny space of the incubator, during which undesired contact with

the infant, the tubes and the lines is nearly unavoidable (Figs 1 and 3). Repositioning of these

ventilation and gastric feeding tubes in the nose, monitor wires taped to skin and venous cath-

eters in hand, feet or belly can be painful or uncomfortable. Furthermore, stretching the

infants’ curled-up legs, which is necessary to measure body length with calliper or tape mea-

sure, is uncomfortable for them [24].

The paradox that accurate growth monitoring is essential, but too stressful for the most vul-

nerable preterm infants with the currently used calliper-style or tape measure-style instru-

ments, led to our search for stress-free techniques for growth monitoring. The use of

contactless 2D or 3D technology seems logical to minimize disturbance of the infant. 3D body

size parameters, such as cranial volume, could provide more accurate growth data than current

2D-data (Fig 4). An overview and comparison of studies related to such techniques was

Fig 2. Growth reference charts are based on two parameters: Body length (BL) and head circumference (HC). As both BL and HC are expressed in

centimetres with one decimal, measuring instruments with an accuracy of 1 mm are clinically sufficient.

https://doi.org/10.1371/journal.pone.0267285.g002
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missing in the literature. Therefore, we performed a systematic review to explore suitable tech-

niques for measuring 2D and 3D body size parameters of preterm infants in their incubators,

without causing stress to the infant.

Materials and methods

Design

The search strategy was designed to identify studies with techniques for measuring body size

parameters of neonates. Our data collection method was designed for qualitative assessment of

techniques’ suitability for stress-free growth monitoring of preterm infants lying in incubators.

As a consequence of our aims and methods, statistical meta-analysis of data was not applicable.

The Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols (PRIS-

MA-P) served as design guideline [28]. The PRISMA flow diagram is presented in Fig 5 and

the PRISMA checklist as appendix S1 Checklist.

Eligibility criteria

Our eligibility criteria filtered out studies that use, describe, or evaluate techniques for measur-

ing body size parameters. These techniques should be, or could be, potentially suitable for

stress-free growth monitoring of infants lying in incubators. Therefore, the following eligibility

criteria, related to technique characteristics, steered the inclusion of articles:

a. Techniques should measure any kind of body size parameter, such as body length and head

circumference, including volumetric parameters such as cranial volume.

Fig 3. An incubator bedspace at a neonatal intensive care unit (NICU). Body size measurements for growth monitoring are mostly performed by two

NICU nurses in tandem. They work from opposite sides, and through small openings in the transparent cover to prevent a temperature drop.

https://doi.org/10.1371/journal.pone.0267285.g003
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b. Techniques should be potentially stress-free. We excluded body size measuring techniques

that rely on patient-instrument contact, mostly tape measure or calliper-style instruments

[25, 29].

c. Techniques should enable bedside measuring. We excluded non-portable, room-bound

techniques, such as MRI, as not suitable for (incubator) bedside monitoring. However, we

included stationary techniques if we agreed that it can be potentially made mobile to fit at

an incubator bedspace.

d. Techniques should not be invasive or harmful. For example, X-ray technology was excluded.

e. Techniques should be capable to measure small infants. The age range was extended beyond

neonatal age, including preterm infants, and older children (< 18 years), because novel

measuring techniques used in anthropometric studies with older children might be, or

might be made suitable for preterm infants. Studies evaluating techniques that met all crite-

ria, but used reference objects such as mannequin heads or plaster models instead of

patients, were included.

Fig 4. 3D Cranial volume (CrV) measurement could provide more clinically relevant growth data than 2D HC measurement. CrV is

mostly defined by the volume above a virtual plane through three anatomical points: tragus left, tragus right and nasion. CrV growth

reference charts are being developed, with CrV expressed in millilitres (ml) in a round number. CrV measuring instruments with an

accuracy of 1 ml should be clinically sufficient.

https://doi.org/10.1371/journal.pone.0267285.g004
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In addition, we added eligibility criteria for study design and report characteristics. We

included all types of study designs. Included were journal articles and seminar proceedings,

written in English, Dutch or German. Because we aimed to identify novel techniques, we lim-

ited the year of publication to 2000 until 16 July 2021.

Search strategy

An electronic search was performed, with last update on 16 July 2021, in four online literature

databases: Embase, Medline, Web of Science Core Collection, Cochrane. The search syntax for the

electronic search was constructed on keywords related to patients (neonates, infants, children),

interventions (body size measurement), comparators (techniques), outcomes (validity) and known

articles that fully matched our eligibility criteria. Details of the databases, including the search syn-

taxes and the number of records identified from each database, can be found in S1 Appendix.

Selection and quality assessment

Three reviewers (RG, LW, OH) selected eligible articles in three steps. All selection steps were

independently performed by two reviewers, dividing records over two pairs of reviewers (RG

+LW and RG+OH). When a pair of reviewers disagreed about inclusion, consensus was

reached after discussing the article’s eligibility with a third reviewer. In the first step, the titles

Fig 5. PRISMA 2020 flow diagram for systematic reviews.

https://doi.org/10.1371/journal.pone.0267285.g005
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and abstracts of the records identified in the electronic search were screened for potential eligi-

bility. In the second step, the full texts of the potentially eligible articles were assessed on merit.

Articles that did not meet the eligibility criteria were discarded. The remaining articles were

included in this review. In the third step, for all included articles, cross references and refer-

ences that cited the article (‘cited-by’) were screened to identify possible extra eligible records.

These cross and cited-by references were first screened on title and abstract for eligibility. The

potentially eligible articles from this screening were then assessed full text. The resulting eligi-

ble cross and cited-by references were added to our list of included articles. The methodologi-

cal quality of all included articles was assessed using the ‘QualSys’ tool for Standard Quality

Assessment Criteria for Evaluating Primary Research Papers from a Variety of Fields [30].

Data collection

A data extraction form was constructed to facilitate assessment of articles and to structure data

collection. Data fields of this data extraction form were related to the inclusion criteria. Data of

the included articles were independently collected by a pair of reviewers. Collected data of

both reviewers were merged in one final data extraction form. Data is reported in narrative

form. Filling out some of these data fields required the reviewers’ expert judgement; for exam-

ple, the suitability of a technique for use in a NICU-setting.

Assessment of techniques’ suitability

Expert judgement, based on interpretation of collected data, was used to assess the techniques’

suitability for measuring the body size of preterm infants lying in an incubator. This suitability

was assessed by expert reviewers (RG, LW, OH). To guide this assessment, we envisioned a

technique with ideal properties.

This ideal technique employs an all-in-one device that can measure body length, head cir-

cumference, and cranial volume of ventilated preterm infants lying in incubators. The tech-

nique should include volumetric measurements of cranial volume thereby providing more

clinically relevant growth data than the head circumference. Accuracy and reliability of mea-

surements should be sufficient for clinical use. Based on growth reference charts, this accuracy

should be at least 1 mm for body length and head circumference [31] and 1 ml for cranial vol-

ume [32]. Moreover, to be truly ideal, the accuracy and reliability of this device should not be

user-dependent. The device is mobile and compact to fit at the NICU incubator-bedspace. The

device measures through the transparent incubator cover, without the necessity to open doors

or remove the cover. To be as non-disturbing as possible, no extra preparation or repositioning

of the infant during measurements is needed other than the routine care handling.

These ideal properties formed five requirements to rate techniques with discrete scores, pre-

sented in Table 1. Minimum scores per requirement were defined to rate techniques in three

classes: ideal, suitable, potentially suitable. Minimum scores must be met independently: a cri-

terium’s high score cannot compensate a another criterium’s low score. Techniques not fitting

in one of the three classes were rated as not suitable. A narrative motivation clarified the tech-

niques’ classification.

Contact with authors

Collected data from an article were communicated to the corresponding author for verifica-

tion. Author’s comment was asked for each data field. If the author had not responded after 14

days, a reminder was sent. The author’s comments were added to our data extraction forms

with the pre-fix: ‘Author’s comment:’. This pre-fix was omitted if the comments concerned

minor administrative changes (e.g., the department involved).
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Presentation of qualitative analyses of included studies

All collected data and data analyses were tabulated in an All-data-table (S1 Data). To structure

the data presentation, four Data-tables were constructed from this All-data-table, each cover-

ing a specific topic. We have inserted summarizing tables in the main text to facilitate a quick

overview of quantitative information about studies.

Results

Search and selection outcomes

Fig 5 visualizes results of the search and selection process in a PRISMA flow diagram. The elec-

tronic search yielded 5189 records to be screened. Screening of titles and abstracts led to 34

articles for full text assessment. Fifteen additional records from other sources were added to

Table 1. Properties to assess the techniques’ suitability for measuring the body size of a preterm infant lying in an incubator.

Technique property How to rate included studies Scores for

ideal device

Minimum score to

rate as suitable

Minimum score to rate as

potentially suitable

Measures ventilated or respiratory supported

preterm infants lying in an incubator

0 = not reported or not feasiblea 3 1 1

1 = not reported but reasonable beliefb in

feasibility

2 = reported measurements of infants in

incubator

3 = reported measurements of ventilated

infants in incubator

Sufficient accuracyc for clinical use, and accuracy not

influenced by user-actions

0 = no data available in study or reported as

not sufficient

3 2 1

1 = as 0, but reasonable beliefb in feasibility

2 = reported or assessed as sufficient

3 = sufficient and not influenced by user-

actions

Measures through incubator’s transparent cover,

without opening doors or removing cover

0 = not reported or not feasiblea 3 2 1

1 = not reported but reasonable beliefb in

feasibility through open doors or closed

cover

2 = yes, but through open doors

3 = yes, through closed cover

No extra preparation or repositioning of the infant

needed for measurement, other than routine care

handling

0 = yes or not reported 3 2 1

1 = yes, but reasonable beliefb that extra

handling could be combined with routine

care

2 = yes, but extra handling was combined

with routine care

3 = no preparation or reposition needed at

all

Can measure CrV, besides BL and HC, and ideally

with one device

0 = no reported measurements of BL, HC,

or CrV

3 1 1

1 = BL and/or HC

2 = CrV

3 = CrV, HC, and BL with one device

a This also includes all stationary devices that are too large or immobile to use at an incubator: these techniques are rated as not suitable.
b Reasonable belief can be based on additional information obtained via contact with authors of included studies, or the experts’ judgement.
c Sufficient accuracy for body length (BL) and head circumference (HC) is 1 mm, and for cranial volume (CrV) 1 ml.

https://doi.org/10.1371/journal.pone.0267285.t001
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our full text assessment: fourteen identified by screening of cross and cited references of eligi-

ble articles and one through contact with authors. Finally, twenty-six studies matched the eligi-

bility criteria and were included in this review [32–57]. Comments were received from the

corresponding authors of 18 articles. These comments were added to the data extraction

forms.

Characteristics of studies & methodological quality

S2 Data presents the study-characteristics and QualSys scores for methodological quality per

study. Full details can be found in the S1 Data. Twenty-four studies were performed at univer-

sity medical centres or medical schools; two at technical universities [40, 42]. Across all studies,

the ages of the patients involved ranged from 24 weeks gestational age to 12 years of age. Only

four studies concerned preterm infants [33, 43, 50, 53]. In general, QualSys scores are high,

reflecting good methodological quality, and the individual scores of the two reviewers corre-

late. Both reviewers rated the methodological quality of one study [40] very poor (0.06 and

0.07), as the technology readiness level of the prototype evaluated in this study was low and the

documentation was poor.

Aims of studies

Table 2 categorizes the aims of the studies, related to technology and clinical aspects and body

size parameters. Some studies had more than one aim. Almost half of all studies compared 3D

scanning with traditional manual anthropometric measuring techniques, such as calliper, tape

measure or length board.

Two studies measured multiple body size parameters: one both body length and head cir-

cumference [33], and one ‘standard anthropometric data’ (body length, head circumference,

upper arm circumference) [38]. One study measured the total body surface area [52].

Type of technology

S3 Data presents the used technologies in studies with specifications and data as recorded by

the authors. Type of 3D scanning-technique and -devices were structured using four charac-

teristics [58], described and visualized in S2 Appendix. Table 3 presents an overview of used

3D scanners.

Table 2. Categorized aims of studies.

Technology-clinical Number of

studies

Type of body size parameter Number of

studies

3D scanning versus manual 12 Head: Head circumference 13

3D scanning versus 3D reference scan of plaster impression

model

2 Head: Head volume, Cranial volume, Intracranial volume 13

3D scanning versus X-ray 2 Head: Head shape/ dimensions 10

3D scanning, Head Shape Analysis: Growth analysis 3 Head: Face shape/ dimensions 4

3D scanning, Head Shape Analysis: Treatment planning 2 Body length (crown-heel length, total body length, stature,

height)

4

3D scanning, Head Shape Analysis: Operative results 1 Upper Arm Circumference 1

Correlation Head circumference and Cranial volume 3 Body surface area 1

Ultrasonic (prototype evaluation) 1

2D linear metric via photographs 1

Anthropometric data collection 1

https://doi.org/10.1371/journal.pone.0267285.t002
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Typically, measuring body size using 3D scanning was a two-step process: the first step was

capturing of one or multiple 2D/3D images; the second involved the postprocessing of those

images to obtain a complete 3D image and derive body size parameters from that image. Post-

processing may require several steps, for which in most cases different software applications

are needed. If reported, we listed the software used for postprocessing. Some studies entirely

focused on postprocessing steps and deriving parameters. In one of those, a regression model

was developed to calculate intracranial volume from cranial volume as measured with 3D

scanning [55]. Another study used deep learning algorithms–a form of artificial intelligence–

to automatically diagnose head shape deformations [39].

Some studies explored novel technologies that made use of self-developed hardware and or

software [34, 35, 40, 52, 53]. One of these concerned smartphone slow-motion video capture,

using available (open source or freeware) photogrammetry and 3D-mesh software to obtain

360 degrees 3D scans [34]. The researchers automated the process to obtain an accurate 3D

model from slow-motion video in a next study [35], thereby reducing the time and skills

needed to derive measurement data. Another study used a 2D image technique via linear met-

ric photogrammetry [56]. The technique used printed photographs to calculate body length

via known dimensions of an object (for example, a table or door) depicted on the same photo-

graph close to the person. One study evaluated a prototype with ultrasonic sensors to measure

head circumference inside incubators [40]. Lastly, one study reported a self-developed stereo-

scopic vision system to measure body length [53] via two digital 2D images, taken from two

different viewing angles (Fig 6). On both these images, the user manually places digital marks

on corresponding body points–that is head-end, neck, crotch, knee, and heel–with no need to

stretch the infant’s curled-up legs. From the marked body points, the stereoscopic algorithm

instantly calculates the 3D-distances of corresponding body segments in mm.

Measuring cranial volume was addressed in several studies [32, 37, 43–47, 50, 51, 55]. Of

those, a series of related studies [32, 37, 43], all using the STARscanner 3D scanner, aims to

measure cranial volume of preterm infants as standard routine care and to develop preterm

cranial volume growth reference charts [32].

Table 3. Used 3D scanner device models.

3D scanner manufacturer (device model) Handheld or stationary/desktop Number of studies

3dMD Cranial System Stationary 5

3dMD Face System Stationary 2

Orthomerica STARscanner Stationary, desktop 3

3D-Shape Stationary 1

3D-Shape, custom-built Stationary 1

Fuel3D Scanify Handheld 2

Smartphone 3D scanning (via slow-motion video) Handheld 2

VECTRA H1 Handheld 1

OMEGAa Handheld 1

M4Da Handheld 1

Structure Sensor with iPad Handheld 1

Total 3D scanners in all studies 20

Total Stationary in all studies 12

Total Handheld in all studies 8

aBased on the manufacturers’ websites, the OMEGA and M4D seem technically identical.

https://doi.org/10.1371/journal.pone.0267285.t003
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Accuracy of techniques used

The reported accuracies are presented in S3 Data column ‘reported accuracy’. Studies quanti-

fied or described accuracy in different ways. Some studies focused solely on accuracy and reli-

ability of techniques, comparing these to a standard, routine technique, in most cases manual

measurements with tape measure or calliper [33–35, 37, 38, 40–43, 45, 48–57]. In some studies,

a high-resolution 3D scanner with high manufacturer-specification accuracy was used as refer-

ence for the ‘true values’, instead of manual measurements [49, 57]. Studies validating com-

mercially available 3D scanning devices for shape or growth analysis [32, 35, 36, 39, 44, 46, 47,

54] did not perform any reference measurements to verify accuracy of scans, but relied on the

manufacturers’ claimed device accuracy or previous accuracy-validating studies.

Disturbance of patients during measuring procedures

S4 Data presents a qualitative description of the extent of disturbance. None of the studies

reported sound as a disturbing factor. The most common disturbance factor was touching the

patient for preparation and positioning. Nylon caps to ensure good 3D capture were needed

for 3D scanning of the head [33–35, 41–44, 46–48, 50–52, 54]. The use of eye protectors was

reported in some studies [33, 50]. For head measurements with a stationary 3D scanner, the

infant was held by an adult or positioned in a chair [36, 37, 39, 41–47, 51, 52, 54, 55, 57], or

had to lie inside the scanner during capture [32, 37, 41, 43]. For some measuring techniques,

the infant had to be undressed [52, 53]. Two techniques claim no special preparation or reposi-

tioning of the patient solely for the purpose of measuring, which implies that the patient stays

in bed or incubator [33, 50].

If reported, we listed the time needed to perform the actual measurement as an indicator

for disturbance. Across all studies the procedure takes from 1 to 17 minutes, including prepa-

ration and the actual capture or recording time. Reported capture times ranged from 1.5 ms to

17 minutes. A few studies reported the time needed for postprocessing [35, 54], ranging from

1 to 60 minutes. However, postprocessing is a separate process that does not disturb the patient

because it takes place after capture, at a computer.

Suitability of used techniques for use in incubators

The techniques’ suitability for measuring body size of an infant lying in an incubator was

assessed using the criteria earlier presented in Table 1. Techniques were classified as suitable,

potential suitable or not suitable. The results of this assessment are presented in S5 Data for all

included studies, with a narrative motivation per study. S6 Data summarizes the techniques

judged as suitable and potentially suitable, including a motivation per criterium-score. S3

Appendix displays images of used devices in the suitable and potentially suitable techniques.

Techniques assessed as suitable

We judged two techniques suitable for our purpose: the VECTRA H1 handheld 3D scanner

[50] and a self-developed stereoscopic vision system [53].

The first suitable technique, using the Vectra 3D handheld scanner [50], involved measur-

ing the 3D head shape of preterm infants, including cranial volume. This was applied to pre-

term infants, including those mechanically ventilated. Some infants (exact numbers not

reported) were measured lying in an incubator, in tandem with routine care moments. Infants

had to wear a cap and eye protectors against the flashlight. Ten captures per measurement and

a time-consuming 3D postprocessing (49:17 ± 7:53 min.) were needed to derive 3D measure-

ment data. Accuracy was evaluated by comparing measurements derived from the Vectra
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scans to high-accuracy reference 3D scans of a mannequin head, and manual measurements of

six infants. This accuracy was reported as sufficient for clinical use. The interobserver reliabil-

ity was not evaluated.

The second suitable technique is the stereoscopic vision system to measure body length

[53] (Fig 6). Although this study did not report measuring infants lying inside an incubator,

the corresponding author communicated that lab tests had been done to verify the accuracy

when measuring through the incubator’s cover. Body length was measured without touching

the infant and without the need to stretch the infant’s curled-up legs. The infant must be

undressed during image capture. Eye protection is not needed because passive, non-photonic

cameras are used. This technique gives instant measurement results after the body points have

been marked, without any time needed for 3D postprocessing. Accuracy was compared to

standard manual measurements and reported as clinically sufficient. The interobserver reli-

ability was not evaluated.

Potentially suitable techniques

Five other techniques, all using handheld 3D scanning, were classified as potentially suitable:

the Scanify scanner [33, 49], OMEGA [48], M4D [54], Structure Sensor [38] and Smartphone

(via slow-motion video) [34, 35]. The Scanify scanner was evaluated in a NICU-setting, mea-

suring preterm infants lying in incubators, and met all requirements to classify as Suitable,

except for accuracy. The authors state that these measurements are not yet precise enough for

daily clinical use. Seventeen preterm infants lying in an incubator were involved, all with some

form of respiratory aid. In total, seventy-three measurements were performed. No reposition-

ing of the infant was reported other than placing a light shield over the infant’s eyes.

Fig 6. Schematic representation of the stereoscopic vision system to measure neonates’ body length.

https://doi.org/10.1371/journal.pone.0267285.g006
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Nevertheless, the projected light did cause some disturbance in some of the infants, despite the

eye protection. Two separate 3D captures were needed to derive body length and head circum-

ference with the use of a ‘digital tape measure’ to measure 2D distances on the 3D surface. The

time needed to derive head circumference and body length from the 3D images was not

reported.

One technique with 2D linear metric [56] could potentially be suitable, provided that a ref-

erence scale (e.g. a paper ruler) is put near the infant in the incubator, or a more advanced 2D

vision technique is used capable to accurately measure without the need of reference scale. The

suitability of the technique using ultrasonic sensors for measuring head circumference inside

incubators [40] could not be assessed because the documentation was insufficient.

Discussion

This systematic review aimed to identify stress-free techniques for measuring the body size of

neonates and older infants that would provide alternatives to calliper and tape measure based

instruments. The techniques identified here were assessed for their suitability in measuring the

body size of infants lying inside incubators. As a criterion for suitability, we envisioned an

ideal technique that would enable stress-free body size measurement of a ventilated, highly

stress-sensitive preterm infant directly through the transparent incubator cover, without need-

ing extra preparation or repositioning of the infant, and performed in tandem with routine

care procedures. Lastly, accuracy and reliability of this ideal technique should not be user-

dependent.

None of the identified techniques met all requirements of our imaginary ideal device. Two

novel techniques were rated as suitable for measuring infants inside incubators, and five tech-

niques as potentially suitable. Only two studies, one using the Scanify handheld 3D-scanner

and the other the Vectra handheld 3D-scanner [33, 50], actually measured infants inside incu-

bators. However, one or more of the incubator doors had to be opened to capture the 3D-

scans, presumably because the highly reflective and curved surface of the cover could be sub-

ject to view distortions or reflections of projected light from the scanner. Furthermore, both

studies with handheld 3D scanners reported problems when measuring ventilated or respira-

tory supported infants; the ventilation tubes with a CPAP securing hat and or gastric tubes

made it difficult to capture good 3D scans and, with that, hindered deriving measurements

from the 3D-images.

The aim and setting of the study using the Scanify handheld 3D-scanner to measure head

circumference and body length in a NICU-setting [33] come closest to our underlying goal:

enabling growth monitoring of the smallest preterm infants without causing stress. However,

it was rated only as potentially suitable instead of fully suitable because the requirement for

sufficient clinical accuracy was not met. Andrews and colleagues conclude that handheld 3D-

scanning might be clinically suitable as a non-disturbing technique to measure body length

and head circumference in a NICU-setting if its accuracy and reliability are improved. We

assume that the manual process to derive these growth parameters negatively influences the

accuracy and, with that, the reliability. Furthermore, this technique allows measuring the body

size of an infant lying in an incubator without repositioning of the infant. The projected light

did, however, disturb some of the infants, despite the eye protection. A limitation of this tech-

nique is that volumetric parameters cannot be derived. The reason for this is that the point-

and-shoot capture has a limited viewing angle, and the resulting 3D images simply miss 3D

data for volumetric measurements.

The technique using the Vectra 3D handheld scanner [50] was rated as suitable. The related

study measured the 3D head shape of preterm infants, including cranial volume, aiming for
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better growth indicators than 2D head circumference. Infants were measured lying in incuba-

tors, combining 3D captures with routine care moments. The extensive process for 3D captur-

ing and postprocessing might limit practical usability in a NICU-setting. However, this is

compensated for by the high clinical value of accurate volumetric growth data of the head.

The second suitable technique is a stereoscopic vision system to measure body length [53].

The instant results, without need for time- and skill-demanding postprocessing, is a big

advance over the 3D scanners. The instant results, claimed accuracy, and the relatively cheap

hardware makes this system feasible for body length measurements in a NICU-setting. Never-

theless, placing the digital marks on the body points on the images could compromise the

inter-observer reliability of this system. The biggest advance of this technique is that stretching

the infant’s legs is no longer necessary. However, the infant must be undressed, which is poten-

tially disturbing. But this disturbance could be minimized if image capture is combined with a

routine diaper change. On the other hand, eye protection is not needed because the technique

uses passive, non-photonic cameras. Still, the low-light NICU-conditions might need addi-

tional light; it is unknown if low-light conditions were simulated in the lab test, in which

objects inside an incubator were measured through the transparent cover.

3D scanning is clearly dominant, as it is used in 23 out of the 26 studies identified. The

majority of those studies concerned head measurements. The dominance of 3D scanning

could be related to the growing consensus that volumetric 3D body size parameters are more

predictive for physical growth and brain development than the current 2D parameters body

length and head circumference. Multiple studies have concluded that the 3D cranial volume is

a more accurate predictor for brain development than is head circumference, because infants

with equal head circumference may differ in cranial volume [37, 43, 45, 47, 50]. Several studies

have focussed on techniques to measure cranial volume, and growth reference charts for cra-

nial volume in late preterm and term neonates have been developed recently [32].

Although 3D scanning seems to meet all requirements for accurate and contactless measur-

ing, the majority of studies exposed barriers to the practical usability of 3D scanning in routine

NICU care. Those barriers relate to both the capturing and the postprocessing of 3D data. The

extensive ‘manual’ steps with, in most cases, multiple software applications highly influence

the accuracy of measurements. These postprocessing steps not only require advanced 3D soft-

ware skills, but also clinical knowledge to accurately mark anthropometrical points on the 3D

images. One study reported postprocessing times from 45 to 60 minutes per scan [54]. Another

study preferred traditional manual techniques over 3D scanning because the manual measure-

ments were significantly faster, and 3D did not improve accuracy [48]. To limit user influence

on accuracy, automation of postprocessing might be the biggest challenge to developing accu-

rate 3D scanning techniques for routine care. An example is a further study of the smart-

phone-based 3D photogrammetry technique, which solely focused on automation of 3D

postprocessing to improve non-expert intra- and inter-user accuracy [35]. The fast-upcoming

field of artificial intelligence-based technologies for image manipulation and recognition

might contribute to 3D postprocessing automation, especially deriving measurement data

from 3D images. Remarkably, artificial intelligence was involved in only one study of this

review [39], and the authors of another study suggested that artificial intelligence could be

used in future to automate manual steps [53].

The aim and design of this review, as well as the data analysis of included studies, may be

subject to limitations. First, large differences between studies in settings and aims hindered

extracting uniform data for comparing and assessing techniques. For example, the accuracy of

a technique, in clinical practice, is a result of the (manufacturer claimed) device-related instru-

ment accuracy and the user-actions that influence measurement outcomes. In included stud-

ies, the techniques’ accuracy was reported in varies ways, limiting comparison and assessment.
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Second, the possibly interpretative, subjective expert judgement used to assess suitability of

techniques for measuring infants inside incubators might compromise the reproducibility of

our findings. However, we tried to avoid monodisciplinary judgement by combining review-

ers’ judgements from a clinical and technical perspective. Lastly, only scientific databases were

searched to identify techniques. However, an industry patent search for clinical body size mea-

suring techniques was done parallel to this review, but not reported here. Furthermore, we lim-

ited our eligibility criteria to techniques already used in a clinical setting. In both science and

industry, technologies in the field of 3D machine and computer vision are being developed for

non-clinical size measurements, for applications such as fashion, face recognition, industrial

manufacturing, and the agricultural and livestock industry. However, making such non-clini-

cal techniques suitable for a NICU-setting is a very complex and uncertain route.

Other systematic reviews identifying body size measuring techniques for neonates or older

infants were not available at the time of writing this review. A few studies included in this

review focused on our underlying goal as well: the pursuit of minimal-disturbing techniques

for growth monitoring of preterm infants lying in incubators, even when they are sick and

unstable [33, 40, 50, 53].

Conclusions

The trend to replace 2D manual body size measuring techniques with 3D scanning cannot be

denied. Volumetric 3D body size parameters are clinically superior to traditional 2D parame-

ters, enabling more accurate growth monitoring. Growth reference charts based on volumetric

parameters, such as cranial volume, could be the new standard in the future. In addition, 3D

measurements can be contactless, enabling stress-free growth monitoring of even the smallest

preterm infants. However, the complex, time-consuming 3D postprocessing challenges the

clinical and practical NICU-usability of 3D techniques. Regrettably, none of the identified suit-

able 3D techniques met all our requirements of an ideal all-in-one body size measuring tech-

nique for extreme preterm infants. For future research, a first step in developing this ideal

technique could be devising a head scanner that enables cranial volume measurements of

infants lying in incubators. Handheld 3D scanning with a compact device may have good

properties in this respect. Handheld or other technique, this device should capture a 360

degrees 3D image of the head, with sufficient accuracy for clinical use, and with all the practical

restrictions of the NICU-environment taken into account: image capture from outside the

incubator, breathing tubes blocking the view, low light conditions, and not touching the infant

solely for the measurement. Furthermore, a literature search beyond the boundaries of our

medical databases, into studies or industry developments in the field of 2D and 3D vision tech-

nologies, might find the ideal suitable technique not identified in this systematic review.
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44. Linz C, Meyer-Marcotty P, Böhm H, Müller-Richter U, Jager B, Hartmann S, et al. 3D stereophotogram-

metric analysis of operative effects after broad median craniectomy in premature sagittal craniosynosto-

sis. Child’s Nerv Syst. 2014; 30(2):313–8. https://doi.org/10.1007/s00381-013-2253-y PMID: 23955177

PLOS ONE Measuring body size of preterm infants inside incubators

PLOS ONE | https://doi.org/10.1371/journal.pone.0267285 April 22, 2022 18 / 19

https://doi.org/10.1136/adc.2002.019448
http://www.ncbi.nlm.nih.gov/pubmed/15210676
https://doi.org/10.1136/bmj.n71
https://doi.org/10.1136/bmj.n71
http://www.ncbi.nlm.nih.gov/pubmed/33782057
https://doi.org/10.1136/adc.2004.063743
https://doi.org/10.1136/adc.2004.063743
http://www.ncbi.nlm.nih.gov/pubmed/16040879
https://doi.org/10.1016/S0140-6736%2816%2900384-6
https://doi.org/10.1016/S0140-6736%2816%2900384-6
http://www.ncbi.nlm.nih.gov/pubmed/26898853
https://doi.org/10.3389/fped.2021.654112
http://www.ncbi.nlm.nih.gov/pubmed/34123964
https://doi.org/10.1016/j.clnesp.2019.06.012
https://doi.org/10.1016/j.clnesp.2019.06.012
http://www.ncbi.nlm.nih.gov/pubmed/31451267
https://doi.org/10.1016/j.wneu.2017.03.015
http://www.ncbi.nlm.nih.gov/pubmed/28300713
https://doi.org/10.1016/j.isprsjprs.2020.06.013
https://doi.org/10.1371/journal.pone.0217267
http://www.ncbi.nlm.nih.gov/pubmed/31107914
https://doi.org/10.1016/j.earlhumdev.2019.03.020
https://doi.org/10.1016/j.earlhumdev.2019.03.020
http://www.ncbi.nlm.nih.gov/pubmed/30986647
https://doi.org/10.1111/mcn.12686
http://www.ncbi.nlm.nih.gov/pubmed/30194911
https://doi.org/10.1038/s41598-020-72143-y
https://doi.org/10.1038/s41598-020-72143-y
http://www.ncbi.nlm.nih.gov/pubmed/32948813
https://doi.org/10.1016/j.ergon.2019.102828
https://doi.org/10.1371/journal.pone.0061274
http://www.ncbi.nlm.nih.gov/pubmed/23580107
https://doi.org/10.1007/s00381-013-2253-y
http://www.ncbi.nlm.nih.gov/pubmed/23955177
https://doi.org/10.1371/journal.pone.0267285
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