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Abstract

Purpose

Central foveal thickness (CFT) measurements from optical coherence tomography (OCT)

scans provide a precise measure of severity of pathologic changes in the fovea, progress of

disease and response to treatment. Although these measures are additionally valuable to

assess foveal development in infants, their reproducibility is not known. The goal of this ret-

rospective study is to evaluate the variation and reproducibility of CFT measurements using

handheld spectral-domain OCT (hh-SDOCT) in supine infants compared to conventional

adult tabletop imaging.

Methods

Imaging sessions with multiple macular, volume scans in one eye were selected for analysis

from two participant groups: Group 1, 25 imaging sessions from 21 preterm infants without

macular edema imaged supine in the nursery using hh-SDOCT (Leica/Bioptigen Envisu

C2300, RTP, NC); Group 2, 25 imaging sessions from 25 adults imaged using tabletop Biop-

tigen SDOCT. For each imaging session, three macular OCT volumes with acceptable

image quality were selected for analysis. CFTs were measured using a customized script

for automatic segmentation. An expert grader and a typical grader corrected the segmenta-

tion lines for the central foveal frame. Coefficient of variations (CV) and intraclass correlation

coefficients (ICC) were calculated for graders and systems and compared to the previous lit-

erature on OCT reproducibility.

Results

CFT measurements were repeatable and reproducible for both handheld and tabletop

SDOCT systems. For handheld, grader ICC (CI) and mean CV were 0.94 (0.90–0.97) and

3.8 (typical) and 0.98 (0.96–0.99) and 2.9 (expert), and for tabletop were 0.91(0.83–0.96)
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and 2.1 (typical) and 0.92 (0.86–0.96) and 1.9 (expert). Intergrader reproducibility of hand-

held and tabletop SDOCT systems were ICC(CI) 0.97 (0.95–0.98) and 0.93 (0.89–0.96)

respectively, and both are comparable to previously reported reproducibility of tabletop

systems.

Conclusion

Handheld SDOCT is a reproducible instrument to measure foveal thicknesses in supine

infants. It can be used in clinical research to evaluate foveal changes during retinal develop-

ment and pathological conditions.

Introduction

Spectral-domain optical coherence tomography (SDOCT) is a noninvasive imaging system

used to evaluate the microanatomical features of the retinas of both pediatric and adult eyes.

Tabletop SDOCT is a reproducible system used to image upright, cooperating adults and older

children [1–4]. An OCT system has been adapted to handheld use to image supine infants or

children who cannot cooperate for tabletop imaging [5]. Although infants provide additional

challenges due to their lack of cooperative fixation on a target, the portability and non-invasive

nature of handheld SDOCT (hh-SDOCT) makes it a useful tool to image infants in the

nursery.

Central foveal thickness (CFT) is a quantitative value measured on OCT that is critical in

evaluation of macular edema or retinal layer thinning that may relate to visual prognosis and

the development of the cerebral cortex [6, 7]. Relevant to CFT measurements from OCT,

infant eyes have several important distinctions from adult eyes, such as an increasing axial

length during development, a shallower foveal pit, thinner retina at the fovea, and changing

foveal thickness with age [8]. The repeatability and reproducibility of CFT measurements

using hh-SDOCT on supine, non-sedated infants is not known. The goal of this study was to

evaluate retrospectively the variation and reproducibility of supine hh-SDOCT to measure

CFT in infants in comparison to conventional tabletop imaging in fixating adults. This aim

was achieved in this study.

Materials and methods

Imaging sessions with at least three macular, zero-degree (horizontal relative to the upright

eye) volume scans in one eye were selected for analysis from two groups of participants: Group

1 included 21 preterm infants from a prior prospective research study of infant retinal OCT

imaging without macular edema, retinoschisis or retinal detachment, and who at the time of

ROP examinations had been imaged while supine in the nursery using hh-SDOCT (Envisu

C2300 Leica/Bioptigen, RTP, NC). The imaging was conducted without sedation and with or

without pharmacological dilation. We did not use a lid speculum, but rather, held the eyelid

open with the fingertips during retinal imaging. With the lids held open for a shorter period of

time than with lid speculum, artificial tears were rarely used. Group 2 included 25 adults from

the control group of a prior prospective research study in macular degeneration imaged using

tabletop SDOCT (Bioptigen, RTP, NC) [1]. The Duke University Health System institutional

review board approved the protocol and the study adheres to the Health Insurance Portability

and Accountability Act and all tenets of the Declaration of Helsinki. Written consents were
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obtained from the adult participants and from the parents or legal guardians of infant

participants.

Three volumes from each of 25 imaging sessions per group (in four infants, images were

from two separate imaging sessions at different eyes/ages) were selected for this retrospective

analysis. In the infant group (Group 1), all hh-SDOCT scans were set at 10 x 10 mm for an

adult retina which was equivalent to approximately 6.7 x 6.7 mm field-of-view (35–39 weeks),

6.3 x 6.3 mm field-of-view (30–35 weeks), 7.0 x 7.0 mm (39–41 weeks), and 7.3 x 7.3 mm (0–1

month) in the shorter infant eye [9]. In the adult group, the three tabletop SDOCT scans were

of different sizes: one 5 x 5 mm, one 8 x 8 mm, and one 10 x 10 mm volume (Fig 1). Foveal

frames were selected and CFT measurements were performed separately by an expert (KPW)

and a typical (KLW) grader (typical grader is defined as a person who is certified but does not

have extensive experience in OCT grading). Foveal frames were chosen based on visual identi-

fication of the deepest foveal pit; scan quality was prioritized over tilt of scan. CFT was defined

as the distance between the inner border of the internal limiting membrane and the outer bor-

der of Bruch’s membrane. For all 150 scans, CFTs were measured using a customized script

for automatic segmentation with manual correction by the two graders using Duke OCT Reti-

nal Analysis Program (DOCTRAP) in MATLAB (The MathWorks Inc, Natick, MA) (S1

Dataset).

The coefficient of variations (CV) were calculated over all 25 imaging sessions for both

graders and for both handheld and tabletop systems. Several different measures of reproduc-

ibility were computed using the intraclass correlation. Separately, for the tabletop expert

gradings and for the handheld expert gradings, the intraclass correlation coefficients were

computed on the 3 replicates (scans) using the one-way ANOVA random effects model, with

75 total scans each. For the comparison of expert grading with typical grading for both hand-

held and table-top scans, the patient identifier was given a suffix representing the scan number

so that individual scans for the same patient could be matched between graders. Thus, each of

the three scans was treated as an independent measurement. Then the intraclass correlation

Fig 1. Sample foveal OCT B-scans from infant and adult participant scan volumes. The inner border of internal limiting membrane (white line) and

outer border of Bruch’s membrane (purple line) were marked at the foveal center (yellow star) of foveal b-scans from three volumes for each participant:

a) a preterm infant imaged using hh-SDOCT (Group 1) and b) a healthy adult imaged using tabletop SDOCT (Group 2). CFT measurements were

calculated as the distance between the lines at the foveal center.

https://doi.org/10.1371/journal.pone.0225960.g001
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coefficients were computed on the 2 replicates (typical and expert graders) using the one-way

ANOVA random effects model, with 150 total scans each comparison.

Results

Demographic information of infant and adult participants is shown in Table 1. Group 1

included 21 preterm infants (mean age at imaging 39.2 ± 3.6 weeks) while Group 2 included

25 adults (mean age at imaging 65.5 ± 5.6 years). As expected because of foveal development,

infants exhibited a greater range in CFT measurements than did mature adults (Table 1).

For the typical grader, the ICC (95% CI) was 0.94 (0.90, 0.97) for hh-SDOCT (Group 1) and

0.91 (0.83, 0.96) for tabletop SDOCT (Group 2). The mean CV was 3.8 for Group 1 and 2.1 for

Group 2. For the expert grader, the ICC (95% CI) was 0.98 (0.96, 0.99) for Group 1 and 0.92

(0.86, 0.96) for Group 2. The mean CV was 2.9 for Group 1 and 1.9 for Group 2. A comparison

of the ICCs and CVs of Groups 1 and 2 indicates that handheld and tabletop systems are both

reproducible, while hh-SDOCT exhibited wider variation around the median coefficient of

variation than tabletop SDOCT (Fig 2).

Between expert and typical graders, there was excellent agreement on CFT measurements

for both handheld and tabletop SDOCT scans. The intergrader reproducibility for Group 1

(hh-SDOCT) was ICC = 0.97 (95% CI, 0.95, 0.98) and for Group 2 (tabletop) was 0.93 (0.89,

0.96). The mean absolute difference in CFT measurements was 1.9 ± 9.2 μm for Group 1 and

1.7 ± 6.9 μm for Group 2. The expert and typical foveal thickness measurements for each

group are shown in Fig 3.

Table 1. Demographic information of infant (group 1) and adult (group 2) participants.

Variable Group 1

(n = 21)

Group 2

(n = 25)

Age (weeks) (years)

Mean (SD) 39.2 (3.6) 65.5 (5.6)

Range (Min., Max) (34, 45) (54, 77)

Gender, no. (%)

Male 9 (43) 13 (52)

Female 12 (57) 12 (48)

Race, no. (%)

White 5 (24) 23 (92)

Black 13 (62) 0

Asian 1 (5) 2 (8)

Multiracial 2 (9) 0

Ethnicity, no. (%)

Not Hispanic or Latino 20 (95) 25 (100)

Hispanic or Latino 1 (5) 0

CFT (μm)

Mean (SD)

Typical Grader 157.1 (35.6) 244.5 (18.4)

Expert Grader 155.2 (36.2) 246.2 (19.4)

Range (Min., Max.)

Typical Grader (96.0, 225.6) (201.1, 277.9)

Expert Grader (91.2, 220.8) (201.1, 296.2)

SD = standard deviation, CFT = central foveal thickness

https://doi.org/10.1371/journal.pone.0225960.t001
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Discussion

Prior studies have shown that tabletop SDOCT systems are reproducible and reliable tools for

assessing retinal thicknesses. The reproducibility in these studies was described by ICC values

ranging from 0.92 to 0.99 for Topcon, Cirrus, and RTVue systems [2–4]. Handheld-SDOCT is

an adaptation of the tabletop system that is useful for imaging non-fixating infants and chil-

dren in a supine position [10]. While macular images captured by hh-SDOCT are of compara-

ble quality to those produced by tabletop SDOCT [10], reproducibility of handheld OCT

systems have not been reported prior to this study. One might hypothesize that hh-SDOCT

measurements in infants would be more variable, due to the lack of fixation and lack of stabili-

zation of the participant’s head in a chin rest. In our study, CFT measurements of both hand-

held and tabletop SDOCT systems were reproducible, while the handheld SDOCT system

yielded wider variations. Despite this, the variation and reproducibility of our CFT measure-

ments are similar to the values for other tabletop SDOCT systems previously reported in the

literature [2–4, 9]. These findings imply that the handheld SDOCT system is a reproducible

imaging modality that could generate reliable CFT measurements in infants and children.

Fig 2. Box and whisker plots of coefficients of variation for a) expert grader measurements from handheld images

versus tabletop images, and b) typical grader measurements from handheld images versus tabletop images (one CV

outlier (19.6) is not shown for typical grader of handheld images for proper sizing of the box and whisker plot).

https://doi.org/10.1371/journal.pone.0225960.g002

Fig 3. Comparison of central foveal thickness measurements between expert and typical graders for a) hh-SDOCT

in preterm infants and b) tabletop SDOCT in adults. Note a greater range in foveal thicknesses in infants (~80–

240 μm) than adults (~200–300 μm) was observed.

https://doi.org/10.1371/journal.pone.0225960.g003
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Many factors can lead to variations in retinal thickness measurements on OCT imaging.

These include the chosen platform such as handheld or tabletop system, the segmentation

algorithm, and anatomical differences (axial length and macular curvature) between individual

patients [9]. OCT image quality may also play a significant role (hence only scans with accept-

able or better image quality were included). In this study, both platform and patient character-

istics differed between the groups. For handheld system imaging in infants in a nursery,

unique challenges such as manual alignment, examiner variability, probe tilt, hand movement,

infant eye movement, and image rotation may also cause variations in these images [11]. Thus,

it was notable how reproducible CFT measurements were despite these variables.

It is important for clinicians and researchers to recognize that infant foveal thickness

changes during development. Thus, for example we identified a greater range in CFT measure-

ments in infants than in adults (Fig 3). On SDOCT images, preterm infants exhibit a shallower

fovea, thinner inner retinal layers such as the inner nuclear and inner plexiform layers, and

lack of photoreceptor sublayers, leading to a thinner photoreceptor layer at the fovea [12].

During maturation, the retinal layers of the infant eye become thicker and the fovea deepens

[12]. The greater range of CFT measurements in infants compared to adults may be the cause

of a higher ICC value observed in hh-SDOCT compared to the tabletop system. Despite these

distinctions in the developing infant eye, hh-SDOCT appears to be a reproducible measure

that can be useful in the nursery to evaluate retinal development and diseases. We recognize

that this study is limited by its retrospective nature and it does not evaluate the same partici-

pants across systems. A prospective reproducibility study comparing adult CFTs across table-

top and handheld systems is currently underway.

In addition to uncooperative children, other causes of fixation loss, such as extensive macu-

lar pathology, eye movement abnormalities, or poor vision in both eyes, may affect scan qual-

ity. Indeed, prior studies in infants and children with nystagmus showed that handheld OCT

could yield reliable macular measurements.[13] Our study in infants to some extent mimic

older individuals with fixation losses and indicates that handheld SDOCT could also be potent

tool to assess CFT in these patients.

In summary, both handheld and tabletop SDOCT systems reproducibly assess CFT mea-

surements in infants and adults. To our knowledge, this is the first study to evaluate the repro-

ducibility of hh-SDOCT in comparison to tabletop SDOCT. Handheld SDOCT appears to be

a reproducible system to assess CFT and could potentially be used as an endpoint in clinical

studies.

Supporting information

S1 Dataset. The handheld OCT variability data—Grouped file tabulates the complete data

from the imaging sessions for group 1 (infants) and group 2 (adults) with a Data Dictionary.

(XLSX)
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