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Abstract

:

Hypoxic–ischemic injury (HII) at birth has been found to relate to differences in development, including decreased memory performance. The current study assessed recognition memory in 6- and 12-month-old HII infants and typically developing (TD) infants using two eye-tracking paradigms well suited to explore explicit memory processes early in life: visual paired comparison (VPC) and relational memory (RM). During the VPC, infants were familiarized to a face and then tested for their novelty preference immediately and after a two-minute delay. At 6 months, neither HII nor TD showed a VPC novelty preference at immediate delay, but at 12 months, both groups did; after the two-minute delay, no group showed a novelty preference. During RM, infants were presented with blocks containing a learning phase with three different scene–face pairs, and a test phase with one of the three scenes and all three faces appearing simultaneously. When there was no interference from other scene–face pairs between learning and test, 6-month-old TD showed evidence of an early novelty preference, but when there was interference, they revealed an early familiarity preference. For 12-month-old TD, some evidence for a novelty preference during RM was seen regardless of interference. Although HII and TD showed similar recognition memory on the VPC, when looking at RM, HII infants showed subtle differences in their attention to the familiar and novel faces as compared to their TD peers, suggesting that there might be subtle differences in the underlying memory processing mechanisms between HII and TD. More work is needed to understand how these attentional patterns might be predictive of later memory outcomes.
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1. Introduction


Hypoxic–ischemic injury (HII), which occurs in 1–6/1000 live full-term births, results in increased risk for neonatal mortality and later neurodevelopmental disabilities [1,2]. The hippocampal formation, a well-known functional entity fundamental for explicit memory functions (e.g., [3,4,5]), is particularly susceptible to perinatal HII (for reviews, see [6,7]). Although many previous human studies have demonstrated atrophy of the hippocampal formation and memory impairments following HII [8,9,10,11,12,13,14,15,16], these alterations have not been noted to occur until school age [17]. One explanation for this could be that the hippocampal formation exhibits a late maturation lasting into young adulthood, with major morphological changes occurring within the first 4 years of age in humans [18], so it is not until this point that the memory differences might become evident. Conversely, memory impairments in children who have experienced perinatal HII may be present from the time of the injury but may go unnoticed until they enter school because relatively few demands are placed on memory during infancy or early childhood. Moreover, most studies have used standardized scales to assess episodic memory and might have missed other explicit memory functions emerging at younger ages [18].



Tracking of visual attention in nonverbal infants offers a reliable monitoring and quantitative evaluation of behavior, and this has been used to assess early-emerging memory functions, including both recognition memory and basic relational memory (for a review, see [18]). Recognition memory has been most often evaluated using the visual paired comparison (VPC) behavioral task. This task involves familiarizing the infant to a visual stimulus for a fixed period of time and subsequently testing the infant by showing the familiarized stimulus next to a novel stimulus at various retention intervals. Memory is inferred if the infant shows preferential looking, greater than is expected by chance, to one stimulus over the other, typically a preference toward the novel stimulus [19] (but see also [20]). Prior studies have used the VPC task to demonstrate visual recognition memory across time delays at various infant ages. With extensive familiarization, a preference for novel faces can be observed in 3- to 6-day-old neonates after a 2-min delay [21] and in 3- and 6-month-old infants after a 24-h delay [22]. Six-month-olds exhibited a preference for novel patterns after a 48-h delay, and for novel faces, after a 2-week delay [23]. Five- and 9-month-olds, but not 3-month-olds, familiarized for 120 s with a toy moving in one of two different orientations, exhibited a preference for the novel orientation after a 5-min delay, no preference after a 2-week delay, and a familiarity preference after a 1-month delay [24]. With a familiarization of only 10 s, 12-month-olds and 2- and 3-year-olds exhibited a preference for a novel cartoon-like face after no delay, but only 2- and 3-year-olds showed a novelty preference after 24-h and 1-week delays [25]. Through use of the VPC task, all of these studies demonstrated the presence of visual recognition memory in infants from a few days after birth depending on the procedure used, with an overall trend toward retention over progressively longer time delays with increasing age.



Eye-tracking techniques have added to the study of early infant memory by allowing for a higher level of temporal and spatial resolution when examining visual attention than traditional measures afford (for discussion, see [26]). Multiple studies have used eye-tracking to assess basic relational memory function in infants. Richmond and Nelson (2009) [27] adapted eye-tracking measures of relational memory that were designed for use with adult amnesiacs [28] to study relational memory during the first year of life. During a learning phase, they exposed 9-month-old infants to three arbitrarily paired scenes and faces (e.g., a face overlaid on a pond with a water lily). Then, during the test phase, one of the three scenic backgrounds was again presented, this time with all three faces superimposed. Each of the three faces were part of a scene–face pairing during learning and were therefore familiar, but only one was previously presented with that particular scene. Richmond and Nelson (2009) [27] showed that 9-month-old infants looked preferentially at the face that matched the test background for trials using both the last scene–face pair presented during learning (Lag 0, or no delay), and the first scene–face pair presented during learning (Lag 2, 20–30 sec delay), but these preferences were only seen at the start of the test phase. Chong, Richmond, Wong, Qiu, and Rifkin-Graboi (2015) [29] showed that, with similar procedures, 6-month-olds looked preferentially at the toy matching the test background, but the extent of this preference was dependent on attention during the task. Specifically, when using strict inclusion criteria for attention during test trials, 6-month-olds showed a preference for the matching toy on Lag 0 trials at the start of the test phase, but no preference during Lag 2 trials. When minimum looking time criteria were loosened, Chong et al. (2015) [29] found no evidence of looking preference during Lag 0 trials, but a sustained preference for the matching toy throughout the test phase for Lag 2 trials. Furthermore, consistent with the strict inclusion criteria findings by Chong et al. (2015) [29], Richmond and Power (2014) [26] also showed that 6-month-olds exhibited a preference for the face matching the scenic background for Lag 0 but not for Lag 2 trials. This work tested 12-month-olds as well and found that this older age group did not show a preference for the matching face on either Lag 0 or Lag 2 trials, though these infants did show a preference away from the matching face for Lag 2 trials within the first 250 ms. The authors suggested that the nature of these representations might change with age, becoming less “unitized” around the first year of life and impacting visual behavior. Accordingly, Koski, Olson, and Newcombe (2013) [30] showed that 4-year-olds’ preferential looking at the correct background–face pair was at chance level.



Overall, measures of visual attention in infancy have provided a window into the very early developmental profile of some explicit memory functions, and in some cases these measures have been used to assess the impact of perinatal adverse experience on the hippocampal formation integrity. For example, it has been shown that infants of diabetic mothers, a group at risk for hippocampal damage [31], did not show any impairments in recognition memory during the first year of life despite electrophysiological evidence of subtle perturbations [32,33]. Similarly, our previously published work looked at electrophysiological and VPC indices of memory in 12-month-old infants who experienced HII and found that this group did not differ from typically developing infants on the VPC, exhibiting a novelty preference only in a no delay condition, but not in a 2-min or 24-h delay condition [34]. However, aspects of the electrophysiological signature during testing differed between groups, suggesting different neural mechanisms might underlie memory performance in HII. The current study extends our previous report to study two attentional tests of memory development in 6- and 12-month-old infants with a history of perinatal HII and typically developing infants: (a) visual recognition memory to a single familiarized stimulus at immediate and delayed testing through a VPC, and (b) relational memory of associations between two items as remembered over immediate and delayed testing. These memory tests examine two different aspects of memory, with the VPC as a more basic recognition task and the RM as a more complex associative learning task. Memory performance on these two tests was examined through patterns of visual attention recorded on an eye-tracking monitor. The aim of this study was to test early explicit memory functions in 6- and 12-month-old HII infants and to compare developmental profiles between typically developing infants and those with a history of HII. Based on findings from Norwood et al. (2014) [34], we hypothesized that the groups would not differ on the basic recognition memory task (VPC), but that the RM task, which captures a more elaborate form of memory processing, might show differential patterns of responding between the two groups.




2. Method


2.1. Participants


The final sample consisted of 114 infants across two age groups (6 or 12 months), and this included 90 healthy, typically developing infants (TD; 6 months, n = 47, mean age = 197 days, SD = 12 days; 25 male; 12 months, n = 43, mean age = 383 days, SD = 16 days; 20 male) and 24 infants who experienced a hypoxic–ischemic injury in the perinatal period (HII; 6 months, n = 12, mean age = 205 days, SD = 16 days; 8 male; 12 months, n = 12, mean age = 382 days, SD = 14 days; 8 male). Inclusion criteria for all infants was birth at greater than or equal to 35 weeks of gestational age. Mean gestational age did not differ between the two groups (HII: M = 3.4 days early, SD = 8.7; TD: M = 2.5 days early, SD = 9.6; p = 0.68), but weight at birth was significantly lower for HII (M = 7.0 lbs, SD = 0.6) as compared to TD infants (M = 7.7 lbs, SD = 1.1; t(106) = 3.12, p = 0.002). Preliminary analyses examined HII infants alongside a subset of TD infants matched on gestational age and weight, and findings remained largely unchanged. With this, the reported results compared HII infants to the full sample of TD infants in order to increase power in the current analyses.



HII infants were recruited from the neonatal neurology clinic at Boston Children’s Hospital. To qualify for the present study, HII infants had to have exhibited clinical signs and/or symptoms of perinatal hypoxic injury, which included seizures or two of the following symptoms lasting for more than 24 h: abnormal consciousness, difficulty maintaining respiration, abnormal tone/reflexes, or feeding difficulty of presumed central origin. The HII infants included in the current study suffered mild–moderate severity of illness, with all but one infant in Sarnat stage range I-II. Additional information available on severity of illness for the HII 6-month and 12-month groups is detailed in Table 1, including number of subjects who required therapeutic hypothermia and/or suffered seizures, 1 min and 5 min Apgar scores, and initial blood pH. Appendix A details the clinical characterization for each HII participant. Exclusion criteria were any chronic fetal/infant factors such as IUGR, maternal drug use, maternal diabetes, metabolic disorder, congenital malformations, or severe quadriplegia or significant abnormality in vision/eye movements. TD participants were recruited from the Research Participant Registry of the Laboratories of Cognitive Neuroscience at Boston Children’s Hospital.



HII and TD participants were included in the final sample if they had sufficient data from either of the two eye-tracking tasks. Nine infants (five 6-month TD, one 12-month TD, and three 12-month HII) were excluded because they did not meet inclusion criteria for either eye-tracking analysis (criteria detailed under Data Processing). An additional 6-month HII infant was not included due to errors in data export. Finally, two HII 12-month-old infants were excluded from subsequent analyses due to severe motor and visual impairment.



Project approval was obtained from the Institutional Review Board of Boston Children’s Hospital and informed consent was obtained by the parents of each infant participant. The included sample was predominantly White (78%) and Non-Hispanic (84%), with 70% of families reporting household incomes above $70,000, and 89% of highest paternal education and 96% of highest maternal education reported as 4-year college degree or higher. Full demographic information for the two groups at each age can be found in Appendix B.




2.2. Stimuli


Stimuli for the VPC task consisted of color photographs of female faces displaying neutral expressions. Each woman was seated in front of a gray background and wearing a gray cloth to cover their clothing. Face images were taken from a database of women who participated in other studies with their infants and signed a release for use of their image in future research. All of the faces used were Caucasian females with neutral expressions and none contained glasses or other accessories. Size and luminance of all stimuli were also matched to ensure that high- and low-level stimulus differences could not influence the present study (for sample stimuli, see [34]). For the RM task, each block contained three scenes and three faces. The face stimuli were taken from the same database of neutral female faces as used in the VPC, but no faces overlapped between the two tasks. The scene images in the current study were from stimuli used in previous RM tasks (for sample stimuli, see [27]).




2.3. Apparatus


Participants were seated on a chair in front of a 17″ TFT Tobii T60 monitor (Tobii Technology AB; www.tobii.com). Images were presented on the monitor using Tobii Studio software. During stimulus presentation, the Tobii monitor recorded gaze location for both eyes based on the reflection of near-infrared light from the cornea and pupil. Gaze information was sampled at a frequency of 60 Hz. Manufacturer specifications for the monitor included an accuracy of 0.5 degrees of the visual angle and a tolerance of head movements within a range of 44 × 22 × 30 cm (though see work by [35] showing accuracy closer to 1–1.5 degrees for infants).




2.4. Procedure


For 6- and 12-month families who were part of a larger testing protocol (see [34]), infants were presented with both the VPC and RM tasks during their visit. For a subset of 6-month TD that were not enrolled in the larger testing protocol due to time constraints (n = 18), the RM task was administered at the start of a separate testing session and no VPC was administered. In all cases, the infants were seated on their caregiver’s lap on a chair in front of a Tobii T60 monitor in a sound-shielded testing room with dim lighting. The chair was positioned such that each participant’s eyes were approximately 60 cm from the monitor. Before beginning the eye-tracking tasks, participants completed a calibration procedure to ensure the eye-tracker was adequately tracking gaze. In this calibration procedure, a red dot appeared at five locations: each of the four corners of the monitor and the center of the screen. Following calibration, the Tobii Studio program reported whether the eye-tracker successfully picked up gaze at the five locations. If calibration was successful, the experimental procedure was begun. If calibration was unsuccessful, the monitor and chair were adjusted and the calibration procedure was re-run until it successfully picked up on all five locations of gaze.



Following calibration, infants were first presented with the VPC task (except the RM-only 6-month TD subset). During all phases of the VPC, faces were presented side-by-side. During the VPC familiarization phase, infants were presented with the same unfamiliar female face on both the left and right side of the screen for 25 s. Infants were then tested using the VPC at two delays during the session: no delay, which immediately followed familiarization, and two-minute delay, which was two minutes after familiarization. For each of the VPC tests, infants were shown the familiar face next to a novel face for a total of 20 s, with the left/right position of the faces switching sides after 10 s. At each VPC comparison delay, infants saw a unique face paired with the familiarization face.



After completing the VPC task, infants were presented with the RM task based on the study design of Richmond and Nelson (2009) [27]. For the 6-month TD who did RM only, this task was the first task after calibration, as the VPC was not included. For each block within the RM task, infants saw three learning trials followed by a test trial. The learning trials consisted first of a scene presented for 3000 ms, then the scene remained in the background with a face appearing centrally for 5000 ms. The test trials then consisted of either the 1st scene or the 3rd scene from the learning phase presented again for 3000 ms, followed by all three faces from the learning trials simultaneously for 5000 ms, arranged in three novel positions: left, right, and bottom (see [27]). Test trials showing the 1st scene, referred to as Lag 2 trials, tested memory following two interfering scene–face pairs, while test trials showing the 3rd scene, referred to as Lag 0 trials, tested memory after no interfering scene–face pairs. Positioning of the match face was counterbalanced across trials. Stimuli were triggered by the experimenter when infants were attending to the screen, and infants were presented with RM blocks until they saw 12 trials (six Lag 0, six Lag 2), or until they became fussy or inattentive.




2.5. Data Processing


Before the eye-tracking data were exported from Tobii Studio, areas of interest (AOIs) were drawn on the stimuli, enabling the subsequent analysis of gaze data within these particular regions. After export, data files were run through a custom-made Python script (Python programming language; www.python.org) that extracted and summed gaze duration for each AOI on each trial for each eye-tracking task.



For the VPC, AOIs were created for each picture that encompassed the face and gray background and were labeled as either familiar face or novel face. Each participant’s eye-tracking data were exported from Tobii Studio, with time samples identified in which gaze fell within one of the face AOIs. Using gaze duration to the familiar face during familiarization, two variables were calculated for each infant to determine if they had sufficient and unbiased looking during this initial phase: (a) total time on familiar face (summing time on the familiarized face that appeared on both the left and right sides of screen), and (b) side bias, calculated as total time on the familiarized face on the left side divided by total time on the familiarized face on the left plus the right sides of the screen. Infants were included in subsequent VPC analyses if (a) during familiarization, they looked at the face more than 20% of the time (i.e., 5 s out of the 25 s length of familiarization) and had a side bias no greater than 85% to either side, and (b) during one or both test delays (no delay, two minutes), they looked to the faces more than 20% of the time (i.e., 4 s out of the 20 s full trial). This inclusion criteria took a less conservative approach than that of our past work reporting on a subset of the current 12-month sample (i.e., 30% looking, see [34]) in order to maximize included infants across ages. The current criteria resulted in no delay data from 22 6-month TD, 10 6-month HII, 36 12-month TD, and 10 12-month HII, and two-minute delay data from 19 6-month TD, 10 6-month HII, 34 12-month TD, and 10 12-month HII.



The VPC data were analyzed for novelty preference by calculating the proportion of time on the novel face divided by the total time on the novel and familiar faces combined and multiplying by 100. This novelty percentage was calculated across the full 20 s of a given delay for the no delay condition and for the two-minute delay condition.



For the RM task, AOIs were drawn around the scene image as well as the face images. For a block to be included in analysis, infants had to look at each scene–face pair during the learning trials, with criteria set for looking >500 ms on the scene when initially presented (out of 3000 ms), and >500 ms on the face presented in the center of the scene (out of 5000 ms). Additionally, on the test trial for that block, infants had to look for >500 ms at the scene when initially presented (out of 3000 ms) and >500 ms summed across the three faces appearing with the scene (out of 5000 ms). Participants had to contribute at least two trials for Lag 0 or Lag 2 to be included in statistical analyses for the RM task. The criteria used for included infants in the current study was modeled after the more inclusive criteria detailed in Chong et al. (2015) [29], ensuring a balance between sufficient encoding during learning and attention during the test trial, while still maximizing the number of included infants. This criteria resulted in Lag 0 data from 31 6-month TD, six 6-month HII, 31 12-month TD, and 10 12-month HII, and Lag 2 data from 30 6-month TD, 11 6-month HII, 32 12-month TD, and 11 12-month HII.



On average, infants contributed 3.6 Lag 0 trials (SD = 1.1) and 3.4 Lag 2 trials (SD = 1.3). For each block’s test trial, proportion of time on the matching face out of the total time on all three faces was calculated first across the full 5000 ms time bin (full bin: 0–5000 ms). Based on past findings by Richmond and colleagues of initial preferences that change across the trial duration [26,27,29], this proportion was also examined in 1000 ms time bins (bin 1: 0–1000 ms, bin 2: 1000–2000 ms, bin 3: 2000–3000 ms, bin 4: 3000–4000 ms, bin 5: 4000–5000 ms) and using 500 ms time bins within the first 1000 ms (bin 1.1: 0–500 ms, bin 1.2: 500–1000ms). For each participant, the average proportion of time on the matching face was calculated for Lag 0 and Lag 2 test blocks.




2.6. Statistical Analysis


For VPC analyses, 2 (Age: 6 months, 12 months) × 2 (Group: TD, HII) ANOVAs were conducted for the no delay and the two-minute delay conditions. A series of one-sample t-tests was then conducted to look for novelty preferences above chance (50%) for each delay condition for TD and HII infants at each age.



For RM analyses, 2 (Age: 6 months, 12 months) × 2 (Group: TD, HII) ANOVAs were conducted for Lag 0 and Lag 2 trials across the full time window (0–5000 ms). Next, a series of one-sample t-tests were used to look for attentional patterns to the matching face that differed from chance (33%) for Lag 0 and Lag 2 trials for TD and HII at each age. These t-tests were conducted first for the full time window (0–5000 ms), then for the five 1000 ms time bins (0–1000 ms, 1000–2000 ms, 2000–3000 ms, 3000–4000 ms, 4000–5000 ms), and for the two initial 500 ms time bins (0–500 ms, 500–1000 ms). Independent sample t-tests were then used to examine differences in attention to the matching face as a function of TD vs. HII at each age for each 1000-ms and 500-ms time bin at Lag 0 and Lag 2.



Although a subset of participants contributed data at both 6 and 12 months, the present study focuses on cross-sectional analyses that treat age as a between-subjects factor.





3. Results


3.1. Visual Paired Comparison


There was a main effect of age for novelty preference in the no delay condition (F(1,74) = 7.313, p = 0.008, ηp2 = 0.09), with a stronger novelty preference at 12 months (M = 58.9%, SD = 11.6%) as compared to 6 months (M = 49.4%, SD = 17.1%). There was no interaction between age and group, but a marginal effect of group was seen (F(1,74) = 2.917, p = 0.092, ηp2 = 0.038), with a trend suggesting greater novelty preference in HII (M = 58.7%, SD = 11.9%) as compared to TD (M = 53.6%, SD = 15.5%). Both groups at 12 months showed a novelty preference greater than chance (12-month TD: t(35) = 3.97, p < 0.001, d = 0.66; 12-month HII: t(9) = 3.55, p = 0.006, d = 1.12), but 6-month-old HII and TD did not show behavior different from chance (ps ≥ 0.25).



There were no significant main effects or interaction for novelty preference in the two-minute delay condition (Fs < 0.85, ps > 0.36). Looking did not differ significantly from chance for TD or HII at either age (ps > 0.48). Table 2 shows novelty percentage for each delay at each age separated by TD and HII.




3.2. Relational Memory


3.2.1. Lag 0 Trials


There were no main effects or interaction for Lag 0 trials across the full time window (0–5000 ms) (Fs < 0.78, ps > 0.38). None of the four groups of infants showed looking to the matching face that differed from chance for the full time window (ts < 1.3, ps > 0.20; see Table 3).



Time bin analyses revealed that 6-month TD spent significantly more time on the matching face than expected by chance in the last two bins (3000–4000 ms, p = 0.013, d = 0.48; 4000–5000 ms, p = 0.004, d = 0.56). Within the first 1000 ms, however, 6-month TD showed significantly less time on the matching face than expected by chance for the 500–1000 ms bin (p = 0.031, d = 0.41), reflecting a novelty preference near the start of the trial that shifts to a familiarity preference by the end (see Figure 1). For 12-month TD, no preference for the matching face was found, and instead, a preference for novelty was seen near the start of the trial (0–500 ms, p = 0.038, d = 0.40) and in the fourth time bin (3000–4000 ms, p = 0.05, d = 0.37; see Figure 2). At 12 months, HII showed the opposite pattern for 0–500 ms, with a trend towards greater time on the match face during this initial bin (p = 0.10, d = 0.58). No other one-sample t-tests were significant.



Differences between TD and HII for Lag 0 trials were examined using independent-sample t-tests separately for 6 and 12 months. No differences were found for comparisons between 6-month TD and 6-month HII (Figure 1). At 12 months, significant differences were found between TD and HII for the initial 0–500 ms bin (p = 0.011, d = 0.97) as well as for bin 4 (3000–4000 ms, p = 0.024, d = 0.86). Additionally, marginal differences in attention to the matching face were seen between TD and HII 12-month-olds for bin 1 (0–1000 ms, p = 0.074, d = 0.67) and bin 5 (4000–5000 ms, p = 0.071, d = 0.68; Figure 2).




3.2.2. Lag 2 Trials


There were no main effects or interaction for Lag 2 trials across the full 5000 ms time window (Fs < 2.4, ps > 0.13). For this full window, 6-month TD showed significantly more time on the matching face than expected by chance (p = 0.014, d = 0.48), but no other group showed a significant overall preference (see Table 3). Time bin analyses revealed that for 6-month TD, significantly more time than expected by chance was spent on the matching face in the first two 1000 ms bins (0–1000 ms, p = 0.003, d = 0.59; 1000–2000 ms, p = 0.017, d = 0.47), and this was also significant between 500–1000 ms (p = 0.001, d = 0.71; see Figure 3). A trend towards more time on the match face was seen for 6-month HII in the third time bin (2000–3000 ms, p = 0.104, d = 0.54). For 12-month TD, significantly less time was spent on the matching face in the final time bin (4000–5000 ms, p = 0.008, d = 0.50), reflecting a novelty preference, but no other time bin for 12-month TD or HII showed attention significantly different from chance (see Figure 4).



Differences between TD and HII for Lag 2 trials were examined using independent-sample t-tests separately for 6 and 12 months. At 6 months, significant differences were found between TD and HII for the initial 0–1000 ms bin (p = 0.05, d = 0.71) and, specifically, within the 500–1000 ms bin (p = 0.016, d = 0.89; Figure 3). No significant differences were found between attention to the matching face in 12-month TD and 12-month HII, though there was a marginal difference between groups for the final time bin (4000–5000 ms, p = 0.09, d = 0.63; Figure 4).






4. Discussion


The current study used eye-tracking to examine two types of explicit memory functions in 6- and 12-month-old infants who had experienced perinatal hypoxic–ischemic injury and a group of typically developing infants. The first task utilized a VPC task, testing infant recognition memory immediately after familiarization and after a two-minute delay. The second task examined RM, asking how infants bind arbitrary pieces of information (scene–face pairs) and how this is affected by different amounts of interference from learning until test, with memory tested for Lag 0 trials (no interference between learning and test) and Lag 2 trials (two sets of interfering stimuli between learning and test). Results showed no differences between HII and TD for VPC, but the RM task suggested preliminary patterns of attention to novelty and familiarity that might differentiate HII and TD in certain time windows.



The VPC has been used across a large number of developmental studies to examine recognition memory across contexts and delays in infants and young children (see [20]). The current study found that (a) 6-month-old HII and TD showed no preference at an immediate or 2-min delay, (b) 12-month-old infants in both groups showed a novelty preference immediately after familiarization, but no preference after a 2-min delay, and (c) no significant group differences were found between HII and TD. A subset of 12-month-old HII and TD infants from the current sample were included in VPC analyses in Norwood et al. (2014) [34], where a novelty preference was also found only at immediate test for both groups. VPC studies have found wide variation in infant visual preferences, often pointing to novelty preferences soon after familiarization, null effects at intermediate time delays, and familiarity effects at extended delays (e.g., [36]; for discussion, see [37]). While the current study did find novelty preferences in 12-month-olds immediately after familiarization, no preferences were found for 6-month-olds on immediate test, nor for either age group following a 2-min delay, despite past work showing such preferences (see [20]).



Future work is needed to clarify the variations in VPC testing conditions and analysis parameters that can lead to differential findings of infant novelty preferences. Studies have found that differences in familiarization time can lead to differences in attentional preferences (e.g., [38,39]), and in line with this, a post hoc look at the use of stricter familiarization requirements for the current sample (e.g., 40% or 50%) revealed that novelty preferences at both delay conditions will increase with this change in criteria. Another parameter to consider in understanding VPC attentional preferences in infants is how the time window analyzed might also lead to null effects (see [27] for discussion of this in RM studies). For example, an infant who detects the novel face at the start of a VPC test might look at that novel face initially, but if the test trial extends past a certain point, their subsequent attention to the familiar and novel faces might cancel out any initial preference seen. In the current study, each VPC test was 20 s in duration, with the positions of the novel and familiar faces switched after 10 s. A post hoc look at the use of the first 10 s of VPC rather than the full 20 s time window also showed that increasing novelty preferences would result. Systematic work in this area in the future will allow for a better understanding of how these VPC parameters influence infant attentional preferences. Nevertheless, our VPC data showed that infant attentional preferences did not differ between HII and TD infants, suggesting no disruption of early visual recognition memory function after HII at birth.



For the relational memory task, the current study found that for typically developing infants, (a) 6-month and 12-month TD have an initial preference for novelty in Lag 0 trials (trials with no interference between learning and test), (b) after the initial novelty preference in Lag 0 trials, 12-month TD continue to show a novelty preference later in the trial as well, but 6-month TD shift to a preference for the matching face at the end of the trial, and (c) on Lag 2 trials (with two scene–face pairs interfering between learning and test), 6-month TD show an early preference for the matching face, while 12-month TD again show evidence of a novelty preference late in the trial. Across three studies, Richmond and colleagues [26,27,29] found evidence of memory for scene–face pairings in 6, 9, and 12-month-olds, though the patterns of attention differed based on age, Lag (0 vs. 2), and looking criteria for inclusion. Overall, these past studies suggest that 6- and 9-month-olds typically look longer to the matching face on test, and that this is most pronounced near the start of the test trial. They also suggest that 12-month-olds show less consistent preferences on this task, with only an initial novelty preference seen for the most challenging test condition (Lag 2; [26]). The current findings expand this work in typically developing infants, showing evidence for relational memory in both 6- and 12-month-olds when more inclusive looking criteria are used as compared to initial infant RM studies (see also [29]). For Lag 0 trials, both 6-month and 12-month TD show a very early preference away from the matching face, or a novelty preference, but for 6-month TD, this shifts back to a familiarity preference, and during Lag 2 trials, 6-month TD show evidence for a familiarity preference only. With 12-month TD showing novelty preferences in RM both here and in past work, further research will be needed to understand the parameters that might lead to differences in attentional patterns, including novelty, null, and familiarity preferences, across memory tasks with young infants, parallel to what was discussed with regard to the VPC.



As far as similarities and differences between HII and TD on RM, findings suggest that (a) 6-month HII do not differ from 6-month TD on attentional preferences for Lag 0 trials, but for Lag 2, 6-month TD show significantly more time on the matching face than HII at the start of the test trial, and (b) 12-month HII do not differ from 12-month TD for Lag 2 trials, but for Lag 0, 12-month TD show significantly less time on the matching face than 12-month HII at both early and later points in the test window. These findings suggest that although HII and TD show similar recognition memory as measured by the VPC, the RM task might provide a more nuanced picture of memory development in HII infants, indicating possible group differences in memory processing for HII infants in the first year of life. With this, the current RM task is in line with electrophysiological findings from Norwood et al. (2014) [34], showing subtle differences in patterns of responding between HII and TD infants. For the 6-month HII, the Lag 2 data suggest a preference towards the matching face that appears 2000 ms after the same preference appears in 6-month TD infants, a difference that will need to be explored further, but potentially might suggest that HII show a delay in processing the matching face. For the 12-month HII, Lag 0 trials show trends towards a preference for the matching face early and late in the trial, in contrast to 12-month TD, who show a novelty preference instead. This contrast between a preference for novelty at 12 months in TD and a trend towards a preference for familiarity in HII might suggest variation in the mechanisms underlying encoding during the learning phase that might lead to differential outcomes at test. For example, past work has posited that limited vs. extended exposure to a stimulus could influence patterns of novelty and familiarity preference in infancy (for discussion, see [20]). While preliminary, the current 12-month differences between HII and TD suggest that despite similar exposure during the learning trials, HII infants might need more processing time during learning to fully encode the scene–face pair and show a subsequent novelty preference at test, as the 12-month TD group did.



A number of limitations of the current study should be acknowledged. First, a series of t-tests was conducted in order to examine looking behavior against chance as well as between groups, but it was deemed too conservative to correct for multiple comparisons in the present analyses due to small sample sizes and the increased possibility of making a type II error (e.g., for discussion, see [40,41,42]). Future work with larger samples will be needed to extend the developmental and group-level differences found in the present study. Second, although findings suggest similarities between groups on the VPC faces task and differences on the RM scene–face task, because there was no separate VPC scene task, it cannot be ruled out that group differences on RM might be due to difficulty processing scenes as compared to faces. While previous studies have not uncovered visual processing differences for scenes as compared to faces in populations who experienced HII, further study is needed to rule out this possibility for the differences in infancy. Finally, the current analyses focused only on familiarity/novelty preferences based on overall looking time, in line with past studies using similar tasks. Future work would benefit from the use of additional eye-tracking metrics, such as patterns of saccades and pupillometry, as these measures could further highlight similarities and differences in memory processing between HII and TD infants. An additional area for further exploration relates to a potential trend illustrated in 6-month-olds during Lag 0 trials on RM: a potential shift from an initial novelty preference to a later familiarity preference within trials. The current sample was too small to sufficiently examine questions of these cross-over preferences, but it will be important for future research to address how these preferences shift, in a narrow sense, within a given type of trial, and in a broad sense, across different age groups.



In summary, while past studies with adolescents and adults who experienced early HII have found impairments in various aspects of memory and attention [14,43], the current work is among the first to look for memory-related differences in the first year of life that could result from HII. Consistent with Norwood et al. (2014) [34], HII infants showed similar recognition memory on the VPC, but when looking at RM, HII infants showed subtle differences in familiarity and novelty preferences as compared to their typically developing peers. Future work is needed to understand how early similarities and differences in memory processing strategies following HII could be predictive of developmental outcomes. This work highlights the benefit of using eye-tracking measures to detect subtle patterns of memory processing in the first year of life, an approach that allows for a richer look at both typical development and potential differences in development based on early adverse experiences.
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Table A1. HII Infant Clinical Characterization.
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	Participant
	TherapeuticHypothermia
	Sarnat Stage
	Seizures
	1-min Apgar
	5-min Apgar
	Initial pH
	Age (months) with Useable Data





	1
	no
	II
	yes
	
	
	
	6



	2
	yes
	III
	no
	2
	2
	7
	12



	3
	no
	I
	no
	1
	6
	6.96
	6, 12



	4
	yes
	II
	yes
	1
	1
	6.8
	6, 12



	5
	
	
	yes
	
	
	
	6, 12



	6
	yes
	II
	no
	1
	5
	7.19
	6



	7
	no
	I
	no
	2
	1
	7.2
	6



	8
	yes
	II
	yes
	3
	4
	7.01
	6, 12



	9
	no
	II
	yes
	5
	8
	
	6, 12



	10
	no
	I
	no
	1
	4
	6.8
	6, 12



	11
	yes
	II
	yes
	0
	2
	6.6
	12



	12
	yes
	II
	yes
	1
	0
	7.2
	6



	13
	yes
	II
	no
	4
	7
	7.07
	12



	14
	no
	I
	no
	2
	7
	7.25
	12



	15
	yes
	I
	no
	1
	3
	7.3
	6, 12



	16
	no
	I
	no
	4
	7
	7.15
	6, 12







Note: HII: Hypoxic-ischemic injured infants; Clinical records were unavailable for one infant (Subject 5), so only seizure data is included (from parent report). For data to be useable at a given age point, sufficient attention was required for one or both eye-tracking tasks.
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Table A2. Sample demographics.
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	6-Month TD
	6-Month HII
	12-Month TD
	12-Month HII





	Infant Ethnicity
	
	
	
	



	 Hispanic
	4.3% (n = 2)
	16.7% (n = 2)
	2.3% (n = 1)
	8.3% (n = 1)



	 Non-Hispanic
	80.9% (n = 38)
	75.0% (n = 9)
	90.7% (n = 39)
	83.3% (n = 10)



	 (Not Reported)
	14.9% (n = 7)
	8.3% (n = 1)
	7.0% (n = 3)
	8.3% (n = 1)



	Infant Race
	
	
	
	



	 White
	66.0% (n = 31)
	91.7% (n = 11)
	81.4% (n = 35)
	100.0% (n = 12)



	 Asian
	8.5% (n = 4)
	8.3% (n = 1)
	2.3% (n = 1)
	



	 Black or African American
	2.1% (n = 1)
	
	
	



	 More Than One Race or Other
	10.6% (n = 5)
	
	16.3% (n = 7)
	



	 (Not Reported)
	12.8% (n = 6)
	
	
	



	Highest Paternal Education
	
	
	
	



	 High School Graduate
	
	8.3% (n = 1)
	7.0% (n = 3)
	8.3% (n = 1)



	 Some College/2-Year Degree
	4.3% (n = 2)
	33.3% (n = 4)
	4.7% (n = 2)
	33.3% (n = 4)



	 4-Year College Degree
	23.4% (n = 11)
	41.7% (n = 5)
	20.9% (n = 9)
	41.7% (n = 5)



	 Graduate or Professional Degree
	57.4% (n = 27)
	16.7% (n = 2)
	65.1% (n = 28)
	16.7% (n = 2)



	 (Not Reported)
	14.9% (n = 7)
	
	2.3% (n = 1)
	



	Highest Maternal Education
	
	
	
	



	 High School Graduate
	
	8.3% (n = 1)
	
	8.3% (n = 1)



	 Some College/2-Year Degree
	4.3% (n = 2)
	16.7% (n = 2)
	9.3% (n = 4)
	16.7% (n = 2)



	 4-Year College Degree
	23.4% (n = 11)
	33.3% (n = 4)
	18.6% (n = 8)
	41.7% (n = 5)



	 Graduate or Professional Degree
	59.6% (n = 28)
	41.7% (n = 5)
	72.1% (n = 31)
	33.3% (n = 4)



	 (Not Reported)
	12.8% (n = 6)
	
	
	



	Household Income
	
	
	
	



	 Less than $30,000
	2.1% (n = 1)
	8.3% (n = 1)
	2.3% (n = 1)
	



	 $30,000–$50,000
	2.1% (n = 1)
	8.3% (n = 1)
	7.0% (n = 3)
	8.3% (n = 1)



	 $50,000–$70,000
	10.6% (n = 5)
	16.7% (n = 2)
	9.3% (n = 4)
	8.3% (n = 1)



	 More than $70,000
	70.2% (n = 33)
	58.3% (n = 7)
	72.1% (n = 31)
	75.0% (n = 9)



	 (Not Reported)
	14.9% (n = 7)
	8.3% (n = 1)
	9.3% (n = 4)
	8.3% (n = 1)







Note: TD: Typically developing infants; HII: Hypoxic–ischemic injured infants; All percentages rounded to the nearest tenth of a percent and therefore the sum of group percentages within a given category are not always exactly 100%.













References


	



Kurinczuk, J.J.; White-Koning, M.; Badawi, N. Epidemiology of neonatal encephalopathy and hypoxic–ischaemic encephalopathy. Early Hum. Dev. 2010, 86, 329–338. [Google Scholar] [CrossRef] [PubMed]

	



Volpe, J.J. Neurology of the Newborn; Saunders: Philadelphia, PA, USA, 2008. [Google Scholar]

	



Bright, P.; Buckman, J.; Fradera, A.; Yoshimasu, H.; Colchester, A.C.; Kopelman, M.D. Retrograde amnesia in patients with hippocampal, medial temporal, temporal lobe, or frontal pathology. Learn. Mem. 2006, 13, 545–557. [Google Scholar] [CrossRef] [PubMed]

	



Rempel-Clower, N.L.; Zola, S.M.; Squire, L.R.; Amaral, D.G. Three cases of enduring memory impairment after bilateral damage limited to the hippocampal formation. J. Neurosci. 1996, 16, 5233–5255. [Google Scholar] [CrossRef] [PubMed]

	



Squire, L.R.; Wixted, J.T. The cognitive neuroscience of human memory since H.M. Annu. Rev. Neurosci. 2011, 34, 259–288. [Google Scholar] [CrossRef]

	



Rees, S.; Inder, T. Fetal and neonatal origins of altered brain development. Early Hum. Dev. 2005, 81, 753–761. [Google Scholar] [CrossRef]

	



Piešová, M.; Mach, M. Impact of perinatal hypoxia on the developing brain. Physiol. Res. 2020, 69, 199–213. [Google Scholar] [CrossRef]

	



Annink, K.V.; de Vries, L.S.; Groenendaal, F.; van den Heuvel, M.P.; van Haren, N.E.M.; Swaab, H.; van Handel, M.; Jongmans, M.J.; Benders, M.J.; van der Aa, N.E. The long-term effect of perinatal asphyxia on hippocampal volumes. Pediatr. Res. 2019, 85, 43–49. [Google Scholar] [CrossRef]

	



Cooper, J.M.; Gadian, D.G.; Jentschke, S.; Goldman, A.; Munoz, M.; Pitts, G.; Banks, T.; Chong, W.K.; Hoskote, A.; Deanfield, J.; et al. Neonatal hypoxia, hippocampal atrophy, and memory impairment: Evidence of a causal sequence. Cereb. Cortex 2015, 25, 1469–1476. [Google Scholar] [CrossRef] [PubMed]

	



Gadian, D.G.; Aicardi, J.; Watkins, K.E.; Porter, D.A.; Mishkin, M.; Vargha-Khadem, F. Developmental amnesia associated with early hypoxic-ischaemic injury. Brain 2000, 123, 499–507. [Google Scholar] [CrossRef]

	



Isaacs, E.; Vargha-Khadem, F.; Watkins, K.; Lucas, A.; Mishkin, M.; Gadian, D.G. Developmental amnesia and its relationship to degree of hippocampal atrophy. Proc. Natl. Acad. Sci. USA 2003, 100, 13060–13063. [Google Scholar] [CrossRef]

	



Mañeru, C.; Serra-Grabulosa, J.; Junqué, C.; Salgado-Pineda, P.; Bargalló, N.; Olondo, M.; Botet-Mussons, F.; Tallada, M.; Mercader, J.M. Residual hippocampal atrophy in asphyxiated term neonates. J. Neuroimaging 2003, 13, 68–74. [Google Scholar] [CrossRef] [PubMed]

	



Quamme, J.R.; Yonelinas, A.P.; Widaman, K.F.; Kroll, N.E.; Sauvé, M.J. Recall and recognition in mild hypoxia: using covariance structural modeling to test competing theories of explicit memory. Neuropsychologia 2004, 42, 672–691. [Google Scholar] [CrossRef] [PubMed]

	



Vargha-Khadem, F.; Gadian, D.; Watkins, K.; Connelly, A.; Van Paesschen, W.; Mishkin, M. Differential effects of early hippocampal pathology on episodic and semantic memory. Science 1997, 277, 376–380. [Google Scholar] [CrossRef] [PubMed]

	



Vargha-Khadem, F.; Salmond, C.H.; Watkins, K.E.; Friston, K.J.; Gadian, D.G.; Mishkin, M. Developmental amnesia: Effect of age at injury. Proc. Natl. Acad. Sci. USA 2003, 100, 10055–10060. [Google Scholar] [CrossRef]

	



Yonelinas, A.P.; Kroll, N.E.A.; Quamme, J.R.; Lazzara, M.M.; Sauvé, M.-J.; Widaman, K.F.; Knight, R.T. Effects of extensive temporal lobe damage or mild hypoxia on recollection and familiarity. Nat. Neurosci. 2002, 5, 1236–1241. [Google Scholar] [CrossRef]

	



Hayes, B.C.; Doherty, E.; Grehan, A.; Madigan, C.; McGarvey, C.; Mulvany, S.; Matthews, T.G.; King, M.D. Neurodevelopmental outcome in survivors of hypoxic ischemic encephalopathy without cerebral palsy. Eur. J. Pediatrics 2018, 177, 19–32. [Google Scholar] [CrossRef] [PubMed]

	



Jabès, A.; Nelson, C.A. 20 years after “The ontogeny of human memory. A cognitive neuroscience perspective,”where are we? Int. J. Behav. Dev. 2015, 39, 293–303. [Google Scholar] [CrossRef]

	



Bauer, P.J.; San Souci, P.; Pathman, T. Infant memory. Wiley Interdiscip. Rev. Cogn. Sci. 2010, 1, 267–277. [Google Scholar] [CrossRef] [PubMed]

	



Pascalis, O.; de Haan, M. Recognition memory and novelty preference: What model. Prog. Infancy Res. 2003, 3, 95–119. [Google Scholar]

	



Pascalis, O.; de Schonen, S. Recognition memory in 3− to 4-day-old human neonates. Neuroreport 1994, 5, 1721–1724. [Google Scholar] [CrossRef]

	



Pascalis, O.; de Haan, M.; Nelson, C.A.; de Schonen, S. Long-term recognition memory for faces assessed by visual paired comparison in 3- and 6-month-old infants. J. Exp. Psychol. Learn. Mem. Cogn. 1998, 24, 249–260. [Google Scholar] [CrossRef]

	



Fagan, J.F. Infants’ delayed recognition memory and forgetting. J. Exp. Child Psychol. 1973, 16, 424–450. [Google Scholar] [CrossRef]

	



Flom, R.; Bahrick, L.E. The effects of intersensory redundancy on attention and memory: Infants’ long-term memory for orientation in audiovisual events. Dev. Psychol. 2010, 46, 428–436. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, K.; Hayne, H. Age-related changes in visual recognition memory during infancy and early childhood. Dev. Psychobiol. 2011, 53, 157–165. [Google Scholar] [CrossRef]

	



Richmond, J.; Power, J. Age-related differences in memory expression during infancy: Using eye-tracking to measure relational memory in 6- and 12-month-olds. Dev. Psychobiol. 2014, 56, 1341–1351. [Google Scholar] [CrossRef]

	



Richmond, J.; Nelson, C.A. Relational memory during infancy: evidence from eye tracking. Dev. Sci. 2009, 12, 549–556. [Google Scholar] [CrossRef]

	



Hannula, D.E.; Ryan, J.D.; Tranel, D.; Cohen, N.J. Rapid onset relational memory effects are evident in eye movement behavior, but not in hippocampal amnesia. J. Cogn. Neurosci. 2007, 19, 1690–1705. [Google Scholar] [CrossRef]

	



Chong, H.J.; Richmond, J.; Wong, J.; Qiu, A.; Rifkin-Graboi, A. Looking behavior at test and relational memory in 6-month-old infants. Infancy 2015, 20, 18–41. [Google Scholar] [CrossRef]

	



Koski, J.; Olson, I.R.; Newcombe, N.S. Tracking the eyes to see what children remember. Memory 2013, 21, 396–407. [Google Scholar] [CrossRef]

	



Nold, J.L.; Georgieff, M.K. Infants of diabetic mothers. Pediatric Clin. N. Am. 2004, 51, 619–637. [Google Scholar] [CrossRef]

	



Nelson, C.A.; Wewerka, S.; Thomas, K.M.; Deregnier, R.A.; Tribbey-Walbridge, S.; Georgieff, M. Neurocognitive sequelae of infants of diabetic mothers. Behav. Neurosci. 2000, 114, 950–956. [Google Scholar] [CrossRef]

	



Nelson, C.A.; Wewerka, S.S.; Borscheid, A.J.; Deregnier, R.-A.; Georgieff, M.K. Electrophysiologic evidence of impaired cross-modal recognition memory in 8-month-old infants of diabetic mothers. J. Pediatr. 2003, 142, 575–582. [Google Scholar] [CrossRef] [PubMed]

	



Norwood, A.; Wagner, J.B.; Motley, C.; Hirch, S.B.; Vogel-Farley, V.K.; Nelson, C.A. Behavioral and electrophysiological indices of memory in typically developing and hypoxic-ischemic injured infants. Infancy 2014, 19, 28–52. [Google Scholar] [CrossRef]

	



Morgante, J.D.; Zolfaghari, R.; Johnson, S.P. A critical test of temporal and spatial accuracy of the Tobii T60XL eye tracker. Infancy 2012, 17, 9–32. [Google Scholar] [CrossRef]

	



Bahrick, L.E.; Pickens, J.N. Infant memory for object motion across a period of three months: Implications for a four-phase attention function. J. Exp. Child Psychol. 1995, 59, 343–371. [Google Scholar] [CrossRef] [PubMed]

	



Richmond, J.; Colombo, M.; Hayne, H. Interpreting visual preferences in the visual paired-comparison task. J. Exp. Psychol. Learn. Mem. Cogn. 2007, 33, 823–831. [Google Scholar] [CrossRef]

	



Richards, J.E. Effects of attention on infants’ preference for briefly exposed visual stimuli in the paired-comparison recognition-memory paradigm. Dev. Psychol. 1997, 33, 22–31. [Google Scholar] [CrossRef]

	



Rose, S.A.; Gottfried, A.W.; Melloy-Carminar, P.; Bridger, W.H. Familiarity and novelty preference in infant recognition memory: Implications for information processing. Dev. Psychol. 1982, 18, 704–713. [Google Scholar] [CrossRef]

	



Feise, R.J. Do multiple outcome measures require p-value adjustment? BMC Med Res. Methodol. 2002, 2, 8. [Google Scholar] [CrossRef]

	



Nakagawa, S. A farewell to Bonferroni: The problems of low statistical power and publication bias. Behav. Ecol. 2004, 15, 1044–1045. [Google Scholar] [CrossRef]

	



Perneger, T.V. What’s wrong with Bonferroni adjustments. BMJ 1998, 316, 1236–1238. [Google Scholar] [CrossRef] [PubMed]

	



Mañeru, C.; Junqué, C.; Botet, F.; Tallada, M.; Guardia, J. Neuropsychological long-term sequelae of perinatal asphyxia. Brain Inj. 2001, 15, 1029–1039. [Google Scholar] [CrossRef]








[image: Brainsci 10 00823 g001 550] 





Figure 1. Proportion of time fixating the matching face for Lag 0 trials for the five 1000 ms time bins (bins 1–5) and the two 500 ms bins in the first 1000 ms (bins 1.1 and 1.2) for 6-month-old typically developing infants (TD) and hypoxic–ischemic injured infants (HII). Looking to the match face was significantly higher than expected by chance for 6-month TD infants in bins 4 (3000–4000 ms) and 5 (4000–5000 ms), and significantly lower than expected by chance in bin 1.2 (500–1000 ms). Chance is illustrated with a dashed line; error bars indicate the standard error of the mean. * p < 0.05 
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Figure 2. Proportion of time fixating the matching face for Lag 0 trials for the five 1000 ms time bins (bins 1–5) and the two 500 ms bins in the first 1000 ms (bins 1.1 and 1.2) for 12-month-old typically developing infants (TD) and hypoxic–ischemic injured infants (HII). Looking to the match face was significantly lower than expected by chance for 12-month TD infants in bin 4 (3000–4000 ms) as well as in bin 1.1 (0–500 ms). Chance is illustrated with a dashed line; error bars indicate the standard error of the mean. * p < 0.05. 
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Figure 3. Proportion of time fixating the matching face for Lag 2 trials for the five 1000 ms time bins (bins 1–5) and the two 500 ms bins in the first 1000 ms (bins 1.1 and 1.2) for 6-month-old typically developing infants (TD) and hypoxic–ischemic injured infants (HII). Looking to the match face was significantly higher than expected by chance for 6-month TD infants in bins 1 (0–1000 ms) and 2 (1000–2000 ms) as well as in bin 1.2 (500–1000 ms). Chance is illustrated with a dashed line; error bars indicate the standard error of the mean. * p < 0.05. 
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Figure 4. Proportion of time fixating the matching face for Lag 2 trials for the five 1000 ms time bins (bins 1–5) and the two 500 ms bins in the first 1000 ms (bins 1.1 and 1.2) for 12-month-old typically developing infants (TD) and hypoxic–ischemic injured infants (HII). Looking to the match face was significantly lower than expected by chance for 12-month TD infants in bin 5 (4000–5000 ms). Chance is illustrated with a dashed line; error bars indicate the standard error of the mean. * p < 0.05. 
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Table 1. HII severity of illness.






Table 1. HII severity of illness.





	

	
HII




	

	
6 Month (n = 12)

	
12 Month (n = 12)






	
Therapeutic hypothermia (n)

	
5

	
6




	
Sarnat stage

	

	




	
 Stage I (n)

	
5

	
5




	
 Stage II (n)

	
6

	
5




	
 Stage III (n)

	
0

	
1




	
Seizures (n)

	
6

	
5




	
1-min Apgar score (range)

	
1–5

	
0–5




	
5-min Apgar score (range)

	
0–8

	
1–8




	
Initial pH (range)

	
6.8–7.3

	
6.6–7.3








Note: HII: Hypoxic–ischemic injured infants; clinical records were unavailable for one 6-month HII and one 12-month HII, so only seizure data are included (from parent report).
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Table 2. Percentage of time on novel face in TD and HII at 6 and 12 months for visual paired comparison.
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	6-Month TD
	6-Month HII
	12-Month TD
	12-Month HII





	No Delay
	n = 22
	n = 10
	n = 36
	n = 10



	 Mean (SD)
	47.4% (19.4)
	53.8% (9.9)
	57.4% (11.2)
	63.6% (12.1)



	 p-value
	0.54
	0.26
	<0.001 *
	0.006 *



	Two-minute Delay
	n = 19
	n = 10
	n = 34
	n = 10



	 Mean (SD)
	49.0% (12.0)
	52.9% (12.4)
	50.6% (13.2)
	53.3% (18.9)



	 p-value
	0.71
	0.48
	0.78
	0.59







Note: TD: Typically developing infants; HII: Hypoxic–ischemic injured infants; p-values are results from one-sample t-test comparing each value to chance (50%); * denotes significance of p < 0.05.
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Table 3. Percentage of time on match face in TD and HII at 6 and 12 months during the full time window (0–5000 ms) for relational memory.
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	6-Month TD
	6-Month HII
	12-Month TD
	12-Month HII





	Lag 0
	n = 31
	n = 6
	n = 31
	n = 10



	 Mean (SD)
	36.0% (12.9)
	37.0% (7.5)
	30.7% (18.3)
	34.8% (9.6)



	 p-value
	0.21
	0.25
	0.49
	0.58



	Lag 2
	n = 30
	n = 11
	n = 32
	n = 10



	 Mean (SD)
	40.7% (16.1)
	37.3% (15.9)
	32.3% (17.8)
	33.4% (10.6)



	 p-value
	0.014 *
	0.39
	0.83
	0.93







Note: TD: Typically developing infants; HII: Hypoxic–ischemic injured infants; p-values are results from one-sample t-test comparing each value to chance (33%); * denotes significance of p < 0.05.
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