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SIGNIFICANCE: Foveal avascular zone (FAZ) area is a frequently used biomarker in diseases impacting the retinal
vasculature in pediatric populations. Variation in axial length between individuals results in differences in lateral
image scale, which affect the accuracy of FAZ area measurements. Accordingly, changes in axial length over time
within individual children would affect estimates of FAZ area change.

PURPOSE: This study aimed to quantify how changes in axial length over time affect estimates of FAZ area change
using optical coherence tomography angiography (OCT-A) images.

METHODS: Twenty pediatric participants (<18 years old) and 40 adult participants were imaged on Optovue's
Avanti system (Fremont, CA) and had axial length measurements acquired at two time points. The FAZ was seg-
mented twice using the OCT-A image at each time point. Foveal avascular zone area was estimated at both time
points using the assumed/fixed axial length of the OCT-A device (unscaled) and using the participant's axial length
(scaled). Changes in FAZ area over time were compared between the pediatric and adult groups using both
unscaled and scaled data.

RESULTS: The average ± standard deviation follow-up time was 3.35 ± 1.66 years for the pediatric group and
2.90 ± 1.65 years for the adult group. Using unscaled data, FAZ area seemed to decrease between visits in the
pediatric group (P = .004), whereas the FAZ area increased between visits in the adult group (P = .003). When
correctly scaled data were used, the FAZ area still increased between visits for the adult group (P < .001), although
the FAZ area no longer showed a significant change between visits for the pediatric group (P = .37). When com-
paring the normalized FAZ area change across visits between unscaled and scaled data, a significant difference
was found between the adult and pediatric groups (P < .001).

CONCLUSIONS: Scaled data should be used when measuring FAZ area in pediatric populations, especially in lon-
gitudinal studies.
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Optical coherence tomography angiography (OCT-A) is used rou-
tinely to image the retinal vasculature including the foveal avascular
zone. The morphometry of the foveal avascular zone is used as a bio-
marker in various diseases and conditions in children and adolescents.
For example, children born prematurely have been shown to have
reduced or absent foveal avascular zones,1–3 whereas children with
sickle cell disease have been shown to have larger foveal avascular
zone areas comparedwith controls.4 In addition, childrenwith diabetes
type 1 have been shown to have significantly different foveal avascular
zone perimeters before clinically significant diabetic retinopathy or
changes in foveal avascular zone area.5,6 Optical coherence tomogra-
phy angiography has also been used to examine pediatric populations
afflicted with other diseases like radiation retinopathy,7 obstructive
sleep apnea-hypopnea syndrome,8 and amblyopia.9 The use of OCT-A
in pediatric populations (including neonates) is expected to rise be-
cause of advances in handheld OCT andOCT-A technology.10–12With
this growing use, the accuracy of foveal avascular zonemeasurements
in children is becoming an increasingly important issue.

Accurate measurements of the foveal avascular zone require
knowledge of the lateral scale of the OCT-A image from which they
are made. Individual differences in axial length are known to affect
the lateral scale of the OCT-A image,13,14 although many studies
do not correct for this in their analyses.15 Although some imaging
devices allow for the input of ocular biometry values at the time
of imaging, there have not been systematic studies on the accuracy
of these corrections, which is further complicated by different de-
vices using different assumed model eyes. Conclusions from cross-
sectional studies comparing foveal avascular zone metrics between
groupsmay not be impacted by the use of incorrect lateral scale, par-
ticularly if there are no differences in axial length between the
groups. However, such studies may also underreport or overreport
variation in the measurements, thus causing the true effect size or
changes in foveal avascular zonemetrics to bemasked.More so than
cross-sectional studies, longitudinal studies in pediatric populations
are more susceptible to scaling changes, as the eye continues to
elongate well into the late teenage years inmost individuals.16–20 Al-
though standard growth curves are available for pediatric and neona-
tal populations,12,18 the rate of eye growth is highly variable across
individuals,21 which can reduce the accuracy of scaling adjust-
ments. Without incorporating estimates of the actual image scale
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in longitudinal studies, it is impossible to determine whether ob-
served changes in foveal avascular zonemorphometry are due to real
structural changes in the foveal avascular zone or simply due to use
of an incorrect lateral image scale (either from not factoring in eye
growth or from the individual having eye growth different from the av-
erage observer). This uncertainty confounds studies of normal foveal
and/or foveal avascular zone development as well as accurate char-
acterization of disease progression. Here we empirically examined
how eye growth impacts foveal avascular zone area measurements
over time in children.

METHODS

Participants

We recruited 20 pediatric (younger than 18 years) participants,
and 40 adult (18 years and older) participants with no self-reported
ocular or systemic diseases. This study was approved by the institu-
tional review board of the Medical College of Wisconsin and was
conducted in accordance with the tenets of the Declaration of Helsinki.
For participants 18 years and older, informed consent was acquired
after discussing the nature and possible consequences of the study.
For participants younger than 18 years, permission was obtained from
the parent or legal guardian, and assent was obtained from the minor
after discussing the study as stated previously.

OCT-A Imaging

One eye from each participant was imaged on Optovue's Avanti
system (Fremont, CA) at two time points. Two to four macular vol-
ume scans measuring 3 � 3 mm (nominal dimensions) were ac-
quired at each time point. Each volume comprises two separate
scans, one acquired in the fast-x direction and one in the fast-y di-
rection. The scans are registered by the system software (version
2018.1.0.43) to generate a single volume for analysis. An angio-
gram from each volume was generated (inner limiting membrane
to 9 μm above the outer plexiform layer), and the best angiogram
(subjectively determined by the first author, REL) per visit for the
selected eye was exported for further analysis. Image quality as-
sessment considered motion artifacts, signal-to-noise ratio, and
visibility of retinal vasculature with an emphasis on the foveal area.
The axial length of each eye was measured at both time points
using an IOLMaster 500 (Carl Zeiss Meditec, Dublin, CA), which
uses multiple individual A-scan measures to derive an estimate of
axial length.

Image and Statistical Analysis

Using ImageJ's multipoint tool,22 a single masked observer
(second author, EH) segmented the foveal avascular zone in each
image twice. After this, two reviewers (authors REL and JC) re-
viewed the segmentations for errors. If an error was found (n = 21
for trial 1, n = 22 for trial 2), one reviewer (author REL) then exam-
ined the unmarked images and single-volume images in the fast-x
direction (if needed) to find the subjectively best segmentation so
that the errors could be corrected. The segmentation was corrected
at the location of the error on the marked image (leaving the rest of
the original segmentation unchanged). Once all of the segmenta-
tions were deemed accurate, we used the MATLAB (MathWorks,
Natick, MA) function polyarea to calculate the area in pixels within
the (x, y) segmentation coordinates.23 For each segmentation, the
area in pixels was converted to retinal area in micrometers using a
constant nominal image scale of 9.87 μm/pixel (nominal image
www.optvissci.com Optom Vis Sci 202
scan width, 3 mm; image size, 304 � 304 pixels), which we will
refer to as the unscaled data. To generate the scaled area values in mi-
crometers, we used a different scaling factor for each subject. This was
calculated by multiplying the nominal scaling factor (9.67 μm/pixel) by
the ratio of the subject's measured axial length to the assumed model
eye length of the device (23.95 mm).

The repeatability and the reliability (R Foundation for Statistical
Computing, Vienna, Austria24) between the two segmentations and
between the axial length measurements were examined. A linear
regression examining the rate of change for axial length based on
the average age of all individuals was calculated (GraphPad Prism
9; GraphPad Software, San Diego, CA). The difference in average
foveal avascular zone area between visits was calculated for both
sets of data and the rate of change. Comparisons between the time
points for each set of data, between data sets, and the rate of change
for foveal avascular zone area were tested using either an unpaired t
test or the Mann-Whitney U test (GraphPad Prism 9). The selection
of the test used was dependent on an analysis of normality (P < .05)
using the Shapiro-Wilk normality test. Finally, the change in foveal
avascular zone area between visits for the scaled and the unscaled
data was calculated and then normalized to the first visit's measure-
ments. The change in the foveal avascular zone area measurements
was then categorized as either positive or negative for both the
unscaled and scaled data, and the odds ratios for the adult and pe-
diatric groups were calculated while controlling for which group the
participants were in using the Cochran-Mantel-Haenszel test using
R (R Foundation for Statistical Computing24).

RESULTS

Demographic details about the participants and imaging time
points are found in Table 1 for the pediatric group and Table 2 for
the adult group. Overall, the average ± standard deviation (SD) age
of all participants was 28.56 ± 17.23 years with 46 females
(77%). There was no significant difference in the average ± SD
follow-up timebetween thepediatricparticipants (3.35±1.66years)
and the adult participants (2.90 ± 1.65 years;Mann-WhitneyU test,
P = .41). We examined the measurement error for our axial length
measurements (defined as 1.96 times the within-subject SD, or
1.96 � Sw).

25 Using the multiple measurements for all 60 partici-
pants obtained at the first visit, we found a measurement error of
0.04 mm, meaning that the difference between a given measure-
ment and the true value would be less than 0.04 mm for 95% of
measurements.25 As expected, axial length increased between visits
for the pediatric group (P < .001, Wilcoxon signed rank test) but not
the adult group (P = .26, paired t test). The average ± SD rate of
change for axial length for all participants was 0.03 ± 0.05 mm/y,
although when the participants were categorized based on their age,
the pediatric group had an average±SDof 0.08±0.06mm/y, whereas
the adult group had a lower average rate of 0.01 ± 0.03 mm/y. There
was a significant relationship between the average age of partici-
pants and the rate of axial length change, meaning that, as average
age of the participants increased, the change between visits for axial
length decreased (y = −0.002x + 0.08, P < .001).

Although the repeatability of foveal avascular zone measurements
has been previously reported,13,26,27 we examined the repeatability
using the specific observer and method used in this study as we had
repeated segmentations on all 120 images. The repeatability (defined
as 2.77 times the within-subject SD, or 2.77 � Sw) was 0.005 mm2

(or 1.9% of the average scaled foveal avascular zone area). This
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TABLE 1. Demographics and scaled FAZ area data for the pediatric participants

Subject Sex

1st visit 2nd visit

Age (y) Axial length (mm) FAZ area (mm2) Years since 1st visit Axial length (mm) FAZ area (mm2)

JC_11336 F 5.4 22.72 0.249 3.23 23.16 0.250

JC_11863 M 6.6 23.00 0.469 0.86 23.13 0.472

JC_10719 F 8.4 23.02 0.222 5.02 23.26 0.215*

TD_11263 F 8.8 22.96 0.300 2.48 23.14 0.300

JC_10648 M 8.9 21.44 0.197 5.51 21.56 0.202†

JC_0878 F 9.1 23.46 0.314 5.29 24.65 0.333†

JC_12031 F 9.5 23.27 0.056 2.31 23.51 0.052*

JC_11862 F 10.2 22.12 0.534 0.86 22.18 0.525

JC_10690 M 10.5 24.05 0.160 5.03 24.57 0.155*

JC_10712 F 10.6 24.27 0.222 3.96 24.72 0.230†

JC_10649 F 10.7 22.23 0.290 5.51 22.72 0.308†

JC_10684 F 11.3 24.26 0.221 3.78 24.65 0.226†

JC_11910 F 11.6 22.47 0.308 2.31 22.66 0.311

JC_0077 F 11.8 23.77 0.094 5.11 24.35 0.101†

JC_10646 F 12.3 22.82 0.137 5.51 23.02 0.131*

JC_10754 F 12.3 23.59 0.410 2.69 23.90 0.422†

JC_12032 M 12.7 24.67 0.117 2.34 24.61 0.119

JC_11911 M 14.1 23.85 0.313 2.31 23.97 0.316

JC_11598 F 14.2 23.63 0.214 1.41 23.58 0.202*

JC_11597 F 17.7 24.01 0.356 1.41 24.07 0.346*

Summary data 15 F/5 M 10.8 ± 2.8 23.28 ± 0.83 0.259 ± 0.123 3.35 ± 1.66 23.57 ± 0.90 0.261 ± 0.124

*Significant decrease in FAZ area between the two visits (greater than −1.9%). †Significant increase in FAZ area between the two visits (greater than
+1.9%). F = female; FAZ = foveal avascular zone; M = male.
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means that the difference between two repeated measurements for
the same participant would be less than 1.9% for 95% of pairs of ob-
servations. In addition, the interclass correlation coefficientwas calcu-
lated at 0.9997 (confidence interval, 0.9996 to 0.9998). Given the
excellent intraobserver repeatability of foveal avascular zone areamea-
surements, the area values from the two segmentations for each image
were averaged.

When using the nominal image scale, the foveal avascular zone
area in the pediatric group seemed to shrink between imaging ses-
sions by an average ± SD of 0.005 ± 0.006mm2 (P = .004, paired
t test; Fig. 1A). When scaling for axial length was done, there was
no difference (on average) in foveal avascular zone area between
the two visits (average ± SD difference was 0.002 ± 0.009 mm2;
P = .37, paired t test; Fig. 1B). In contrast, the adult group showed
a small but significant increase in foveal avascular zone area be-
tween visits both when their images were analyzed using the nom-
inal image scale (average ± SD increase, 0.003 ± 0.007 mm2;
P = .003, paired t test) and also when their images were scaled
using axial length (average ± SD increase, 0.003 ± 0.006 mm2;
P < .001, paired t test).

When looking at the overall change for foveal avascular zone
area between visits, we observed a significant difference between
our adult and pediatric groups. In our adult group, we saw no signif-
icant difference in the normalized change in foveal avascular zone
area between visits when comparing the unscaled (average ± SD,
1.46 ± 2.87%) and scaled data (1.47 ± 2.70%; P = .76, Wilcoxon
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matched-pairs signed rank test; Fig. 2). In contrast, there was a sig-
nificant difference in the normalized change in foveal avascular
zone area between visits for the pediatric group (P < .001,
Wilcoxon matched-pairs signed rank test). In the pediatric group,
the average ± SD change in the foveal avascular zone area between
visits was −2.03 ± 3.27% when using the unscaled data, suggest-
ing that the foveal avascular zone decreased in size on average.
However, when using the scaled data, the foveal avascular zone area
did not significantly change between visits, with the average ± SD
change of 0.43 ± 3.99%.

We also assessed the rate of change for each data set to ascer-
tain how the amount of time in between visits impacted the change
in foveal avascular zone area. The adult participants did not have a
significant difference in the observed rate of change for unscaled
(average ± SD, 0.0013 ± 0.0045 mm2/y) or scaled data (aver-
age ± SD, 0.0014 ± 0.0042 mm2/y; P = .62, Wilcoxon matched-
pairs signed rank test; Figs. 1C, D). Conversely, there was a significant
difference in the rate of change for pediatric participants when
comparing the unscaled and scaled data (P < .001; Wilcoxon
matched-pairs signed rank test). When using the unscaled data,
the average ± SD rate of change for the foveal avascular zone area
in the pediatric group was −0.0025 ± 0.0042mm2/y, meaning the
foveal avascular zone area seemed to decrease between visits.
However, this shifted closer to 0 when using the scaled data, with
the average ± SD rate of change of the foveal avascular zone area
being −0.0003 ± 0.0040 mm2/y.
2; Vol 99(2) 129



TABLE 2. Demographics and scaled FAZ area data for the adult participants

Subject Sex

1st visit 2nd visit

Age (y) Axial length (mm) FAZ area (mm2) Years since 1st visit Axial length (mm) FAZ area (mm2)

JC_10803 F 21.3 24.1 0.328 2.00 24.08 0.336*

JC_11409 F 22.1 23.44 0.375 0.99 23.48 0.378

JC_12019 F 23.1 24.02 0.160 1.97 24.11 0.162

JC_12020 F 23.3 22.97 0.068 2.18 22.96 0.073*

JC_0905 M 23.3 22.75 0.278 2.68 22.82 0.280

JC_10586 F 23.7 21.41 0.164 6.11 21.37 0.175*

JC_11441 F 23.9 23.13 0.324 3.14 23.13 0.329

JC_10591 M 24.0 23.62 0.141 6.11 23.55 0.146*

JC_10567 F 24.2 22.26 0.276 5.50 22.33 0.286*

JC_0769 F 24.7 24.48 0.310 5.86 24.43 0.314

JC_11610 M 24.7 23.95 0.079 3.32 23.97 0.079

JC_10578 F 25.4 24.33 0.272 2.62 24.44 0.278*

JC_11444 F 26.3 24.00 0.383 3.21 24.00 0.385

JC_10990 F 26.7 24.70 0.225 3.79 24.68 0.220†

JC_10777 F 27.7 26.04 0.240 1.20 26.00 0.252*

JC_0200 M 28.0 24.56 0.224 6.06 24.46 0.227

JC_11159 F 28.6 23.64 0.260 3.01 23.63 0.257

JC_11295 F 29.6 22.88 0.464 1.27 22.91 0.470

JC_11321 F 29.7 23.67 0.364 1.15 23.75 0.364

JC_11068 F 31.5 22.39 0.195 1.02 22.43 0.193

JC_0617 M 31.8 23.73 0.061 4.33 23.73 0.063*

JC_11335 F 33.5 23.84 0.220 3.23 23.81 0.223

JC_10691 F 38.7 24.39 0.463 2.72 24.59 0.465

JC_10575 F 39.9 24.63 0.105 5.11 24.63 0.107*

JC_10692 M 40.0 23.70 0.322 2.72 23.68 0.336*

JC_0007 M 40.2 27.44 0.077 3.41 27.58 0.078

JC_10650 F 41.7 23.38 0.258 5.51 23.30 0.272*

JC_10673 F 42.7 22.09 0.184 0.90 22.08 0.196*

JC_0691 F 46.8 26.45 0.316 3.70 26.45 0.323*

JC_1103 F 47.8 26.70 0.331 2.27 26.83 0.339*

JC_11102 M 49.1 24.94 0.053 1.99 24.93 0.050†

JC_10145 F 50.0 24.66 0.279 3.44 24.72 0.265†

JC_11538 F 51.7 24.05 0.364 0.94 24.14 0.367

JC_11103 F 53.7 24.59 0.264 2.91 24.42 0.265

JC_11086 F 59.9 25.90 0.286 2.97 25.84 0.285

JC_11467 F 60.8 23.60 0.230 1.30 23.62 0.231

JC_11468 F 62.6 23.92 0.373 0.56 23.91 0.368

JC_10584 F 63.2 23.13 0.285 1.16 23.12 0.301*

JC_11661 M 64.2 23.65 0.221 0.67 23.66 0.215†

JC_10705 F 66.8 24.38 0.424 2.97 24.44 0.429

Summary data 31 F

9 M

37.4 ± 14.3 24.04 ± 1.23 0.256 ± 0.108 2.90 ± 1.65 24.05 ± 1.24 0.260 ± 0.109

*Significant increase in FAZ area between the two visits (greater than +1.9%). †Significant decrease in FAZ area between the two visits (greater than
−1.9%). F = female; FAZ = foveal avascular zone; M = male.
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FIGURE 1. Parametric and change in foveal avascular zone (FAZ) area data for unscaled and scaled. (A) Parametric data for all participants with the FAZ
measured using unscaled data. (B) Parametric data for all participants with the FAZmeasured using scaled data.Whenwe examine the rate of change for
FAZ area in our adult participants, there was no significant differences in the rate of change for the FAZ area when using the unscaled (C) and scaled (D)
data (Wilcoxonmatched-pairs signed rank test, P = .63). However, when we examined our pediatric participants, there was a significant difference in the
rate of change when comparing unscaled and scaled data (Wilcoxon matched-pairs signed rank test, P < .001).
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We also categorically (increase, decrease, no change) examined
changes in foveal avascular zone area between visits for both unscaled
and scaled data (Fig. 3). Based on our intraobserver repeatability data,
we used 1.9% as the threshold of “real” change when examining the
difference in foveal avascular zone area between visits for individual
participants (changes less than this were not considered significant).
For the foveal avascular zone area measurements between visits in
the20pediatric participants, we observed adecrease in9participants
(45%), an increase in 2 participants (10%), and no change in 9
www.optvissci.com Optom Vis Sci 202
participants (45%) using the unscaled data (Fig. 3A). When using
scaled data, we observed a decrease in 6 participants (30%), an
increase in 7 participants (35%), and no change in 7 participants
(35%; Fig. 3B). It is worth noting that 45% of the pediatric partic-
ipants switched categories when using unscaled versus scaled
data. All but one of these switches resulted in a shift to more pos-
itive change over time (i.e., went from a decrease in foveal avascu-
lar zone area to no change, a decrease in foveal avascular zone area
to an increase in foveal avascular zone area, or no change to an
2; Vol 99(2) 131



FIGURE 2. Comparison between unscaled and scaled data when measuring the change in foveal avascular zone (FAZ) area between visits. Change in
FAZ area was normalized as a percent of the FAZ area at the first time point for each subject in both the pediatric and adult groups (dashed lines, mean
change; box limits, 25th to 75th percentiles; whiskers, minimum and maximum change). There was a significant difference between the unscaled and
scaled data for the pediatric group when looking at the change in normalized FAZ area between visits. In contrast, there was no significant difference
between the unscaled and scaled data when looking at the change in normalized in FAZ area between visits in the adult group.
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increase in foveal avascular zone area), which is to be expected
given that the axial length (and thus the image scale in microme-
ters per pixel) was increasing between visits in all but two pediatric
participants. The largest difference was seen in JC_0878 who had
a 3.9% decrease in foveal avascular zone area when using unscaled
images but a 6.1% increase in foveal avascular zone area when using
their scaled data.

In contrast, only six (15%) of the adult participants switched
categories when using unscaled versus scaled data. Unlike the pe-
diatric group, the majority (n = 4; 66%) of these were a shift to
more negative change over time (an increase in foveal avascular
zone area with unscaled data to no change with scaled data). When
using unscaled data, we observed a decrease in 4 participants (10%),
an increase in 17 participants (42.5%), and no change in 19 par-
ticipants (47.5%; Fig. 3C). When using scaled data, we observed a
decrease in 4 participants (10%), an increase in 15 participants
(37.5%), and no change in 21 participants (52.5%; Fig. 3D). Ac-
cordingly, there was a significant difference in the odds ratios be-
tween the two groups (P < .001, Cochran-Mantel-Haenszel test),
meaning that change in slope between the scaled and unscaled
data is not independent of which group the participant is in. This
is consistent with image scaling beingmore critical in pediatric ver-
sus adult populations when trying to assess the direction and mag-
nitude of change in foveal avascular zone area over time.

DISCUSSION

Optical coherence tomography angiography is a widely used,
noninvasive method to assess the retinal vasculature. The ability
to easily visualize and quantify features like the foveal avascular
zone allows physicians and researchers to follow progression and
patterns of the retina in conditions such as sickle cell,4 diabe-
tes,5,6 retinopathy of prematurity,3 and those receiving radiation
therapies.7 With lateral measurements (e.g., foveal avascular zone
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area) being used as biomarkers, it is important to evaluate factors
that affect the accuracy (and thus the potential utility) of these
measurements. Here, we observed that, without correct scaling,
the foveal avascular zone area seems to shrink with continued eye
growth over time in 40% of the pediatric eyes in our study. How-
ever, when using images scaled using individual axial length data,
only 35% of the pediatric eyes in our study showed a real decrease
in foveal avascular zone area over time. In comparison, 42.5% of
participants older than 18 years in this study showed an increased
foveal avascular zone area between visits using both their scaled
and unscaled data.

Previous cross-sectional studies have examined how age im-
pacts different vasculature metrics in pediatric groups both with28

and without axial length correction.29–31 These studies found that
foveal avascular zone area does not change on average with age,
whereas our scaled longitudinal data demonstrated that some par-
ticipants had an increase in foveal avascular zone area and other
participants stayed relatively stable (Table 1), although, on average,
there was no significant change over time. There were six pediatric
participants whom even with axial length scaling showed a decrease
in foveal avascular zone area. One explanation for the increase in fo-
veal avascular zone area could bemechanical stretching of the retina
because of eye growth, as there are active remodeling processes at
the fovea in the maturing retina.32

When we examine our pediatric data without any axial length
correction, we did observe a small but significant decrease in the
size of the foveal avascular zone on average over time unlike Zhang
et al.28 and Kiziltoprak et al.30 The inconsistency between studies
may be due to the large variability in foveal avascular zone area
across the general population, whichmakes quantifying the impact
of age difficult to calculate when using cross-sectional data. Inter-
estingly, our pediatric longitudinal data do agree with the study
published by Hsu et al.,31 which did not correct for axial length and
with Li et al.29 whose study did correct for axial length. Correcting
for differences in axial length in studies is still rare mostly because
2; Vol 99(2) 132



FIGURE 3. Unscaled and scaled data from both the pediatric and adult groups measuring the change in normalized foveal avascular zone (FAZ) area
measurements between visits. The shaded gray area marks the range in which changes in FAZ area are within our repeatability value (±1.9%); changes
outside of this range were considered real changes in FAZ area. (A) Using unscaled data from the pediatric group, 2 of 20 participants (10%) showed an
increase in FAZ area between visits, and 9 participants (45%) showed a decrease in FAZ area between visits. (B) When scaled data were used from the
same group, 7 of 20 participants (35%) showed an increase in FAZ area between visits and6 participants (30%) showed a decrease in FAZ area between
visits. (C) When using unscaled data for the adult group, 17 of 40 participants (42.5%) showed an increase in FAZ area between visits, whereas 4 par-
ticipants (10%) showed a decrease in FAZ area between visits. (D) When using scaled data, the same 4 participants showed a decrease in FAZ area be-
tween visits, whereas 15 of 40 participants (37.5%) showed an increase in FAZ area between visits.
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of clinical work flow and no automatic ability to adjust lateral scale
within most OCT devices.15 Eye growth models meant to approximate
changes in the lateral scale (due to axial length growth) offer a more
accessible means to address this issue.12,18 However, because
there is significant individual variation in axial length at all ages, re-
liance on a growth curve to derive image scale would lead to an
www.optvissci.com Optom Vis Sci 202
overestimation or underestimation in foveal avascular zone area
change over time in some individuals (especially in children who
develop refractive errors).16,19

In our adult group, both the unscaled and scaled data showed a
small average increase in foveal avascular zone between visits. This
is in agreement with some studies,33–35 although it disagrees with
2; Vol 99(2) 133
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others.36–38 Fujiwara et al.38 did correct for axial length measure-
ments in their study but found no significant association between
foveal avascular zone area and age. This apparent discrepancy
could be due to their study being cross-sectional in nature rather
than longitudinal—as noted previously, the large normal vari-
ability in foveal avascular zone area makes it difficult to detect
small age-related differences in cross-sectional studies. When
looking at the rate of change, we observed an average increase
of 0.0014 ± 0.0042 mm2/y when using correctly scaled images.
This is the same as Iafe et al.33 and similar to Gong et al.,35 who
reported an increase of 0.001 mm2/y. There are a number of
possible explanations to account for the apparent increase in foveal
avascular zone area. First, there could be real changes in the cap-
illaries that define the foveal avascular zone area, which we did ob-
serve in one of our adult participants (Fig. 4). In addition, the adult
participant with the largest rate of change in foveal avascular zone
area (subject JC_10673) showed a change in the shape of their fo-
veal pit between visits (pit depth decreased by 3% and pit volume
decreased by 9%). Because the capillaries that define the foveal
avascular zone area reside in the inner retinal layers, any deforma-
tions or changes in the foveal contour could affect the morphome-
try of the foveal avascular zone. In a similar regard, age-related
thinning of the inner retina has been documented,39–41 and it is
possible that this thinning could also cause outward lateral dis-
placement of the capillary vessels that define the foveal avascular
zone. Other explanations relate to the scaling method used. As
stated previously, accurate measurements of the foveal avascular
zone require knowledge of the lateral scale of the OCT-A image.
Previous reports have shown lens thickness increases and anterior
chamber depth decreases with age.42,43 Based on a previously
published model,44 these changes in lens thickness and anterior
chamber depth would alter image scale and result in an apparent
increase in the foveal avascular zone area. However, the amount
of increase induced would be about an order of magnitude less
than what we and others have observed.33,35 The measurement er-
ror in axial length could also induce inaccuracies in the measured
foveal avascular zone area; however, the measurement error would
not be expected to be systematic in one direction, so it is unlikely to
account for the increase in foveal avascular zone area between
visits. Disambiguating real age-related changes in the foveal avas-
cular zone area versus measurement artifacts is critical to the po-
tential use of foveal avascular zone area as a biomarker in aging
and age-related conditions like Alzheimer disease.
FIGURE 4. Example of a participant where the foveal avascular zone (FAZ) are
23.7 years old. The second image (B) was taken 6.11 years later. Despite
−0.04 mm), there was a 6.7% increase in FAZ area. This is due to a vessel i
follow-up image (B). Scale bar, 200 μm.
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Although we looked at foveal avascular zone area, other imaging
modalities that acquire images based on a fixed image size would
also be impacted. For example, lateral measurements on conven-
tional OCT images such as retinal nerve fiber circle diameter on
the optic nerve head or foveal pit diameter would be impacted. In
addition, tests focusing on the structure-function relationship of
different cell types at various locations in the macula would also
be impacted by changes in lateral scale.45 It is important to note
that measurements taken within a set area (such as retinal thick-
ness within the Early Treatment Diabetic Retinopathy Study grid)
may not be impacted explicitly, but the comparison between indi-
viduals and groups would be compromised because of variable
amount of the retinal area contributing to the measurement across
individuals. In addition, there are nonuniformities in retinal stretch
such that axial length has been shown to impact peripapillary vascula-
turemetrics differently than parafoveal vascularmetrics.46 Finally, be-
cause of the shape of the eye, there is a nonlinear effect of axial length
on retinal image magnification.47 Individualized optical models using
whole-eye OCT may assist in estimating retinal curvature48 and thus
are the appropriate scaling to apply to images collected outside the fo-
veal region. As widefield retinal imaging becomes more prevalent,
such issues will become increasingly important.49

There are some important limitations to our study, the first being
our relatively small sample size, although the longitudinal design of
our study does help compensate for our small number. Although
the follow-up time was just more than 3 years on average (and var-
iable across participants), this was sufficient to demonstrate empir-
ically the impact of increasing axial length over time in children on
foveal avascular zone area measurements. However, the growth
rate estimates may not extend to longer follow-up periods, so con-
tinued longitudinal studies are important. Our study population
was also greater than 75% female, although there was no difference
in the sex distribution of the adult and pediatric groups. Because
males have longer eyes on average than females, it would be impor-
tant to repeat these studies to examine whether the impact/error of
eye growth is larger in male children. Finally, our image scaling
method only accounted for changes in axial length and did not ac-
count for other aspects of ocular biometry (e.g., anterior chamber
depth, refraction, and corneal curvature) that have been shown to
have a small effect on retinal imagemagnification.44 Despite these
limitations, we have shown that not accounting for axial length in a
pediatric population over time can result in incorrect conclusions
regarding both the direction and magnitude of changes in foveal
a changed over time. The first image (A) was taken when JC_10586 was
no significant change in axial length over this period (a difference of
n the upper right corner of the FAZ in (A, arrow) that is not visible in the
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avascular zone morphometry (as well as errors in absolute foveal
avascular zone measurements, as has been shown previously13,14).
As retinal imaging becomes progressively more common in younger
www.optvissci.com Optom Vis Sci 202
populations,6,10–12 it is critical that accurate methods to account for
eye growth (and therefore changes in lateral scale of retinal images)
are developed and followed.21
ARTICLE INFORMATION

Submitted: July 2, 2021

Accepted: October 25, 2021

Funding/Support:National Eye Institute (NEI;R01EY017607;
to JC); NEI (R01EY024969; to JC); NEI (T32EY014537);
and National Center for Advancing Translational Sciences
(UL1TR001436).

Conflict of Interest Disclosure: JC has reported the
following disclosures: Optovue (research funding), AGTC
(research funding), MeiraGTx (research funding), Translational
Imaging Innovations (equity interest), and U.S. Patent
9,427,147.

The sponsor provided financial and material support but
had no role in the study design, conduct, analysis and
interpretation, or writing of the report.

Author Contributions and Acknowledgments:Conceptualization:
REL, JBG, JC; Data Curation: REL, EH, SF, JC; Formal
Analysis: REL, EH, JC; Funding Acquisition: JC; Investigation:
REL; Methodology: EH; Resources: JC; Supervision: JBG, JC;
Validation: JC; Visualization: REL, JC; Writing – Original Draft:
REL, SF, JC; Writing – Review & Editing: REL, EH, JBG, JC.

This investigation was conducted in a facility
constructed with the support from the Research
Facilities Improvement Program with grant number
C06RR016511 from the National Center for Research
Resources, NIH. The content of this article is solely the
responsibility of the authors and does not necessarily
represent the official views of the NIH.

The authors thank Jenna Cava, Erin Curran, and Brian
Higgins for their contributions to this work.

REFERENCES

1. Mintz-Hittner HA, Knight-Nanan DM, Satriano DR,
et al. A Small Foveal Avascular Zone May Be an Historic
Mark of Prematurity. Ophthalmology 1999;106:1409–13.

2. Yanni SE, Wang J, Chan M, et al. Foveal Avascular
Zone and Foveal Pit Formation After Preterm Birth.
Br J Ophthalmol 2012;96:961–6.

3. Nonobe N, Kaneko H, Ito Y, et al. Optical Coherence
Tomography Angiography of the Foveal Avascular Zone
in Children with a History of Treatment-requiring Reti-
nopathy of Prematurity. Retina 2019;39:111–7.

4. Roemer S, Bergin C, Kaeser PF, et al. Assessment of
Macular Vasculature of Childrenwith Sickle Cell Disease
Compared to That of Healthy Controls Using Optical Co-
herence Tomography Angiography. Retina 2019;39:
2384–91.

5. InancM, Tekin K, KiziltoprakH, et al. Changes in Ret-
inal Microcirculation Precede the Clinical Onset of Dia-
betic Retinopathy in Children with Type 1 Diabetes
Mellitus. Am J Ophthalmol 2019;207:37–44.

6. Niestrata-Ortiz M, Fichna P, Stankiewicz W, et al.
Enlargement of the Foveal Avascular Zone Detected
by Optical Coherence Tomography Angiography in Dia-
betic Children without Diabetic Retinopathy. Graefes
Arch Clin Exp Ophthalmol 2019;257:689–97.

7. Adeniran JF, Sophie R, Adhi M, et al. Early Detection
of Radiation Retinopathy in Pediatric Patients Undergo-

ing External Beam Radiation Using Optical Coherence
Tomography Angiography. Ophthalmic Surg Lasers Im-
aging Retina 2019;50:145–52.

8. Ye HY, Zheng C, Lan X, et al. Evaluation of Retinal
Vasculature Before and After Treatment of Children with
Obstructive Sleep Apnea-hypopnea Syndrome by Opti-
cal Coherence Tomography Angiography. Graefes Arch
Clin Exp Ophthalmol 2019;257:543–8.

9. Araki S, Miki A, Goto K, et al. Foveal Avascular Zone
and Macular Vessel Density After Correction for Magnifi-
cation Error in Unilateral Amblyopia Using Optical Co-
herence Tomography Angiography. BMC Ophthalmol
2019;19:171.

10. Viehland C, Chen X, Tran-Viet D, et al. Ergonomic
Handheld OCT Angiography Probe Optimized for Pediat-
ric and Supine Imaging. Biomed Opt Express 2019;10:
2623–38.

11. Moshiri Y, Legocki AT, Zhou K, et al. Handheld
Swept-sourceOptical Coherence Tomography with Angi-
ography in Awake Premature Neonates. Quant Imaging
Med Surg 2019;9:1495–502.

12. Maldonado RS, Izatt JA, Sarin N, et al. Optimizing
Hand-held Spectral Domain Optical Coherence Tomog-
raphy Imaging for Neonates, Infants, and Children. In-
vest Ophthalmol Vis Sci 2010;51:2678–85.

13. Linderman R, Salmon AE, Strampe M, et al.
Assessing the Accuracy of Foveal Avascular Zone Mea-
surements Using Optical Coherence Tomography Angi-
ography: Segmentation and Scaling. Transl Vis Sci
Technol 2017;6:16.

14. Sampson DM, Gong P, An D, et al. Axial Length Var-
iation Impacts on Superficial Retinal Vessel Density and
Foveal Avascular Zone Area Measurements Using Optical
Coherence Tomography Angiography. Invest Ophthalmol
Vis Sci 2017;58:3065–72.

15. Llanas S, Linderman RE, Chen FK, et al. Assessing
the Use of Incorrectly Scaled Optical Coherence To-
mography Angiography Images in Peer-reviewed Stud-
ies: A Systematic Review. JAMA Ophthalmol 2020;
138:86–94.

16. Fledelius HC, Christensen AS, Fledelius C. Juvenile
Eye Growth, when Completed? An Evaluation Based on
IOL-Master Axial Length Data, Cross-sectional and Lon-
gitudinal. Acta Ophthalmol 2014;92:259–64.

17. Sanz Diez P, Yang LH, Lu MX, et al. Growth Curves
of Myopia-related Parameters to Clinically Monitor
the Refractive Development in Chinese Schoolchildren.
Graefes Arch Clin Exp Ophthalmol 2019;257:1045–53.

18. Jones LA, Mitchell GL, Mutti DO, et al. Comparison
of Ocular Component Growth Curves among Refractive
Error Groups in Children. Invest Ophthalmol Vis Sci
2005;46:2317–27.

19. Tideman JW, Polling JR, Vingerling JR, et al. Axial
Length Growth and the Risk of DevelopingMyopia in Eu-
ropean Children. Acta Ophthalmol 2018;96:301–9.

20. Hou W, Norton TT, Hyman L, et al. Axial Elongation
in Myopic Children and Its Association with Myopia
Progression in the Correction of Myopia Evaluation
Trial. Eye Contact Lens 2018;44:248–59.

21. Prakalapakorn SG, Sarin N, Sarin N, et al. Evaluat-
ing the Association of Clinical Factors and Optical Co-

herence Tomography Retinal Imaging with Axial Length
and Axial Length Growth among Preterm Infants.
Graefes Arch Clin Exp Ophthalmol 2021;259:2661–9.

22. Schneider CA, RasbandWS, Eliceiri KW.NIH Image
to ImageJ: 25 Years of Image Analysis. Nat Methods
2012;9:671–5.

23. Linderman RE, Georgiou M, Woertz EN, et al. Pres-
ervation of the Foveal Avascular Zone in Achromatopsia
despite the Absence of a Fully Formed Pit. Invest
Ophthalmol Vis Sci 2020;61:52.

24. The R Foundation. R: A Language and Environment
for Statistical Computing. Vienna, Austria: R Foundation
for Statistical Computing; 2021. Available at: https://
www.r-project.org/. Accessed November 30, 2021.

25. Bland JM, Altman DG. Measurement Error Propor-
tional to the Mean. BMJ 1996;313:106.

26. La Spina C, Carnevali A, Marchese A, et al. Repro-
ducibility and Reliability of Optical Coherence Tomogra-
phy Angiography for Foveal Avascular Zone Evaluation
and Measurement in Different Settings. Retina 2017;
37:1636–41.

27. Magrath GN, Say EA, Sioufi K, et al. Variability in
Foveal Avascular Zone and Capillary Density Using Opti-
cal Coherence Tomography Angiography Machines in
Healthy Eyes. Retina 2017;37:2102–11.

28. Zhang Z, Huang X,Meng X, et al. In VivoAssessment
of Macula in Eyes of Healthy Children 8 to 16 Years Old
Using Optical Coherence Tomography Angiography.
Sci Rep 2017;7:8936.

29. Li S, Yang X, Li M, et al. Developmental Changes in
Retinal Microvasculature in Children: A Quantitative
Analysis Using Optical Coherence Tomography Angiog-
raphy. Am J Ophthalmol 2020;219:231–9.

30. Kiziltoprak H, Tekin K, Cevik S, et al. Normative
Data Assessment of Peripapillary and Macular Vessel
Density and Foveal Avascular Zone Metrics Using Opti-
cal Coherence Tomography Angiography in Children.
J Pediatr Ophthalmol Strabismus 2020;57:388–98.

31. Hsu ST, Ngo HT, Stinnett SS, et al. Assessment of
Macular Microvasculature in Healthy Eyes of Infants
and Children Using OCT Angiography. Ophthalmology
2019;126:1703–11.

32. Springer AD, Hendrickson AE. Development of the
Primate Area of High Acuity. 1. Use of Finite Element
Analysis Models to Identify Mechanical Variables Affect-
ing Pit Formation. Vis Neurosci 2004;21:53–62.

33. Iafe NA, Phasukkijwatana N, Chen X, et al. Retinal
Capillary Density and Foveal Avascular Zone Area Are
Age-dependent: Quantitative Analysis Using Optical Co-
herence Tomography Angiography. Invest Ophthalmol
Vis Sci 2016;57:5780–7.

34. Sato R, Kunikata H, Asano T, et al. Quantitative
Analysis of theMacula with Optical Coherence Tomogra-
phy Angiography in Normal Japanese Subjects: The
Taiwa Study. Sci Rep 2019;9:8875.

35. Gong D, Zou X, Zhang X, et al. The Influence of Age
and Central Foveal Thickness on Foveal Zone Size in
Healthy People. Ophthalmic Surg Lasers ImagingRetina
2016;47:142–8.

36. Ghassemi F, Mirshahi R, Bazvand F, et al. The
Quantitative Measurements of Foveal Avascular Zone
2; Vol 99(2)
 135



Impact of Axial Eye Growth on FAZ Measurements — Linderman et al.
Using Optical Coherence Tomography Angiography in
Normal Volunteers. J Curr Ophthalmol 2017;29:293–9.

37. Samara WA, Say EA, Khoo CT, et al. Correlation of
Foveal Avascular Zone Size with Foveal Morphology in
Normal Eyes Using Optical Coherence Tomography An-
giography. Retina 2015;35:2188–95.

38. Fujiwara A, Morizane Y, Hosokawa M, et al. Factors
Affecting Foveal Avascular Zone in Healthy Eyes: An Exam-
inationUsingSwept-sourceOptical CoherenceTomography
Angiography. PLoS One 2017;12:e0188572.

39. Song WK, Lee SC, Lee ES, et al. Macular Thickness
Variations with Sex, Age, and Axial Length in Healthy
Subjects: A Spectral Domain-optical Coherence Tomogra-
phy Study. Invest Ophthalmol Vis Sci 2010;51:3913–8.

40. Alamouti B, Funk J. Retinal Thickness Decreases with
Age: An OCT Study. Br J Ophthalmol 2003;87:899–901.

41.Wang Q, Wei WB, Wang YX, et al. Thickness of Indi-
vidual Layers at the Macula and Associated Factors:
The Beijing Eye Study 2011. BMC Ophthalmol 2020;
20:49.

42.Shufelt C, Fraser-Bell S, Ying-LaiM, et al. Refractive
Error, Ocular Biometry, and Lens Opalescence in an
Adult Population: The Los Angeles Latino Eye Study. In-
vest Ophthalmol Vis Sci 2005;46:4450–60.

43. Kim JH, Kim M, Lee SJ, et al. Age-related Differ-
ences in Ocular Biometry in Adult Korean Population.
BMC Ophthalmol 2016;16:146.

44. Li KY, Tiruveedhula P, Roorda A. Intersubject Variabil-
ity of Foveal Cone Photoreceptor Density in Relation to Eye
Length. Invest Ophthalmol Vis Sci 2010;51:6858–67.

45. Montesano G, Ometto G, Hogg RE, et al. Revisiting
the Drasdo Model: Implications for Structure-function

Analysis of the Macular Region. Transl Vis Sci Technol
2020;9:15.

46. Wen C, Pei C, Xu X, et al. Influence of Axial Length
on Parafoveal and Peripapillary Metrics from Swept
Source Optical Coherence Tomography Angiography.
Curr Eye Res 2019;44:980–6.

47. Drasdo N, Fowler CW. Non-linear Projection of the
Retinal Image in a Wide-angle Schematic Eye. Br J
Ophthalmol 1974;58:709–14.

48. McNabb RP, Polans J, Keller B, et al. Wide-field
Whole Eye OCT System with Demonstration of Quantita-
tive Retinal Curvature Estimation. Biomed Opt Express
2018;10:338–55.

49. Zhang Q, Lee CS, Chao J, et al. Wide-field Optical
Coherence Tomography Based Microangiography for
Retinal Imaging. Sci Rep 2016;6:22017.
www.optvissci.com
 Optom Vis Sci 2022; Vol 99(2)
 136


