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Maternal care is a critical determinant of child development. However,
our understanding of processes and mechanisms by which maternal
behavior influences the developing human brain remains limited.
Animal research has illustrated that patterns of sensory information
is important in shaping neural circuits during development. Here we
examined the relation between degree of predictability of maternal
sensory signals early in life and subsequent cognitive function in both
humans (n = 128 mother/infant dyads) and rats (n = 12 dams; 28 ado-
lescents). Behaviors of mothers interacting with their offspring were
observed in both species, and an entropy rate was calculated as a
quantitative measure of degree of predictability of transitions among
maternal sensory signals (visual, auditory, and tactile). Human cognitive
function was assessed at age 2 y with the Bayley Scales of Infant De-
velopment and at age 6.5 y with a hippocampus-dependent delayed-
recall task. Rat hippocampus-dependent spatial memory was evaluated
on postnatal days 49–60. Early life exposure to unpredictable sensory
signals portended poor cognitive performance in both species. The pre-
sent study provides evidence that predictability of maternal sensory
signals early in life impacts cognitive function in both rats and humans.
The parallel between experimental animal and observational human
data lends support to the argument that predictability of maternal
sensory signals causally influences cognitive development.

cross-species | maternal care | cognition | brain development |
early experiences

Decades of research establish the primacy of maternal care as
a vital determinant of development that predicts a broad

range of outcomes including emotional and behavioral problems as
well as cognitive and social development (1–6). Quality of maternal
caregiving including maternal sensitivity, warmth, and responsiveness
plays a fundamental role in defining the developmental course of the
offspring. There is a need, however, for research evaluating the
specific processes by which maternal care shapes biological mecha-
nisms underlying neurodevelopment.
Classic research by Ainsworth and others demonstrates that

predictable and appropriate maternal responses to infant signals
are foundational to the development of a secure attachment re-
lationship (7). In contrast, unpredictable maternal care leads to the
development of an insecure or, in the extreme, disorganized at-
tachment relationship (8). Attachment quality in turn exerts wide-
ranging influences on infant development with long-term effects on
cognitive functions, emotional well-being, and social adjustment
(7). Recent human research evaluating moment-to-moment ma-
ternal–infant interactions supports the importance of contingencies
within the dyadic relationship and indicates that dyadic synchrony is
a potent predictor of child development (4, 5, 9, 10). Together,
these studies provide insight into the importance of maternal pre-
dictability and elucidate characteristics of maternal–infant dyadic
interactions, such as synchrony, that promote development. Given
evidence from the attachment literature illustrating the importance
of predictable maternal care, we propose an alternative way of
thinking about patterns of maternal sensory signals as a process by
which mothering influences child neurodevelopment. We suggest

that the degree of predictability of maternal sensory signals on a
moment-to-moment time-scale may be a pathway by which high-
quality maternal care exerts its benefit on developing brain synapses
and circuits.
Our hypothesis is supported by evidence from the rodent illus-

trating that, in addition to quality and quantity of care (11–13),
specific maternal sensory (e.g., tactile and olfactory) signals to the
pup regulate the development of biological systems (14, 15). More
recent work documents that patterns of sensory information shape
the development of brain synapses and circuits including visual (16),
somatosensory (17), and stress-responsive hypothalamic circuits (18,
19). Because sensory input programs the development and potenti-
ation of synapses, the building blocks of neuronal communication
and networks, sensory signals from the mother are a plausible process
by which maternal care may regulate brain development. Building on
this research, we test the hypothesis that moment-to-moment pat-
terns of sensory information from the mother similarly influence
offspring brain circuits involved in higher-order cognitive functions.
Using a cross-species approach, we evaluate whether the de-

gree of predictability of maternal sensory signals in early life,
assessed using a common quantitative measure in the two spe-
cies, predicts memory functions at later ages. Maternal sensory
signals were assessed in both species through observation and
coding of behaviors during a 10-min semistructured play episode
in humans and during two 50-min/d periods in rats. Maternal
behaviors that provide sensory input to the offspring (e.g., vocal-
izations and touching in humans, nursing and licking/grooming in
rats) were coded continuously in real time. The entropy rate of
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this series of actions was then calculated as a quantitative measure
of the degree of predictability of maternal sensory signals to the
infant. In both species, entropy rate was associated with sub-
sequent cognitive performance.

Results
Degree of Predictability of Maternal Sensory Signals Predicts Offspring
Cognitive Development in Children and Rats. In both rats and humans
the degree of predictability of maternal sensory signals was quan-
tified using entropy rate and was associated with subsequent cog-
nitive performance. See SI Appendix for additional information on
behavioral coding and calculation of entropy rate.
Rats. The experimental manipulation, limited bedding and nesting
material (LBN) in the cages, generated unpredictable maternal
behavior. Behavior of mothers in the LBN cages was characterized
by a higher entropy rate (1.81 ± 0.033) compared with the control
dams (1.61 ± 0.043; t8 = −5.081; P < 0.01), as described elsewhere
(20). As shown in Fig. 1, memory performance was impaired in
late adolescent male rats exposed to less-predictable maternal
behavior (high entropy rate) during postnatal days (P)2–9. Spe-
cifically, in a task testing spatial memory (object location), control
rats raised by mothers exhibiting a higher degree of predictability
performed better than rats raised in LBN cages that received less-
predictable maternal care: The control rats explored an object that
had been moved to a new location significantly longer than an
object that was not moved, indicating that they remembered the
original locations of both objects. This is quantified as the ratio of
time spent exploring novel/familiar locations (N/F ratio: 1.79 ±
0.11 controls; 1.18 ± 0.23 LBN; t = 2.416, P = 0.023) (Fig. 1).
Exploration times of both objects during both training and testing
did not differ between groups (SI Appendix, Fig. S7).
Children: Age 2 and 6.5 y. As with rat maternal behavior, entropy
rate was calculated to characterize the degree of predictability
of human maternal sensory signals (SI Appendix, section S1).
Fig. 2A shows reduced cognitive function among children ex-
posed to less-predictable maternal sensory signals (higher en-
tropy rate) at 1 y of age. Specifically, a higher entropy rate
predicted poorer cognitive performance (Mental Development
Index; MDI) at 2 y of age (r = −0.34, P < 0.001). Less-
predictable maternal sensory signals (high entropy rate) pre-
dicted lower child cognitive performance at age 2 y, even after ac-
counting for covariates [β = −0.18, t(122) = −2.23, P < 0.05] (Table
1). The degree of predictability of maternal sensory signals was not
significantly correlated with the child Psychomotor Development

Index (PDI) at age 2 y (r =−0.02, P = 0.79). We assessed children’s
recall memory at age 6.5 y to evaluate whether the association
between entropy rate and cognitive performance persisted. As
shown in Fig. 2B, unpredictable maternal sensory signals (high
entropy rate) at age 1 y predicted poor performance on a
hippocampus-dependent memory task at age 6.5 y (r = −0.27,
P < 0.05; as described in Methods, Statistical Analysis, no
covariates met criteria for inclusion in analyses of delayed-
recall memory). Sex did not significantly moderate the re-
lation between unpredictable maternal behavior and child
cognitive performance at either age (P > 0.20 for both ages).

Predictability of Maternal Sensory Signals. In rats, we evaluated the
possible alternative explanation that any differences in cogni-
tive development might be due to quantity of maternal care
rather than predictability of maternal signals. Consistent with
previous findings (20, 21), the quantity of typical maternal
nurturing behaviors, including nursing, arched-back nursing,
and licking/grooming, was similar across the two groups. For ex-
ample, in the low- and high-predictability groups, respectively, total
nursing durations (3,460 ± 213 and 3,508 ± 166 min; t = 1.36, P =
0.21), total licking and grooming durations (832 ± 83 and
1,101 ± 126 min; t = 1.73, P = 0.11), and total arched-back
nursing duration (1,640 ± 263 and 1,822 ± 260 min; t = 0.49,
P = 0.63) did not differ (20).
In humans, we examined whether the degree of predictability of

maternal signals explains unique variance in child cognition after
accounting for a key global indicator of quality of maternal care:
maternal sensitivity. Mothers who were low in maternal sensitivity
also were lower in predictability (higher entropy rate) during the
observed interaction with their child (r = −0.32, P < 0.001). Further,
greater maternal sensitivity was associated with higher cognitive
performance in the child at age 2 y (r = 0.47, P < 0.05) but not with
delayed-recall memory at age 6.5 y (r = 0.07, P = 0.60). Importantly,
predictability of maternal signals was associated with enhanced child
cognitive function at age 2 y (r = −0.23, P < 0.01) and 6.5 y (r =
−0.26, P < 0.05), even after adjusting for maternal sensitivity. Tests
of indirect effects indicate that entropy rate partially mediated the
relation between maternal sensitivity and child cognitive function
indicator at age 2 y (bootstrapped 95% CI: 0.14, 1.61) (Fig. 3) but did
not meet criteria for statistical significance at age 6.5 y (bootstrapped
95% CI: −0.001, 0.49). As detailed in the SI Appendix, the entropy
rate was a better indicator of cognitive outcomes than the amount of
each sensory signal (auditor, tactile, and visual) or the total number
of transitions, suggesting that the degree of predictability rather than
quantity accounts for the observed associations.

Discussion
As demonstrated in the classic studies by Hubel andWiesel, sensory
signals during sensitive periods regulate organization of the de-
veloping brain (17, 22, 23). Consistent with the importance of
sensory information during sensitive periods, the major finding of
the present cross-species research is that infant exposure to less-
predictable maternal sensory signals results in subsequent impair-
ments in cognitive development in both humans and rats. The
parallel between our experimental evidence that unpredictable
maternal sensory signals to the pup causally impact cognitive de-
velopment in the rat and observational links between these signals
and human cognitive functioning supports the argument that pre-
dictability of maternal sensory signals influences cognitive devel-
opment in both species. Thus, these findings suggest that the
predictability of maternal sensory signals is one of the processes by
which maternal care regulates neurodevelopment.
The present findings complement a rich literature illustrating that

maternal care early in life is a potent environmental signal that
exerts pervasive and long-lasting effects on offspring health and
development. In addition to the extensive human literature doc-
umenting the importance of predictability of maternal care for at-
tachment security (7), classical experimental studies with nonhuman
primates (24, 25) have demonstrated that environmental un-
predictability impairs offspring development. Consistent with the

Fig. 1. Rats reared by dams providing less-predictable maternal sensory sig-
nals performed poorly on a spatial memory task (reduced ratio of time spent
exploring objects in a novel vs. familiar location) during adolescence.
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importance of understanding maternal signals in real time, recent
human research shows that moment-to-moment dyadic processes,
such as gaze synchrony, are profoundly important for human devel-
opment (4, 5, 9, 10). We provide evidence that predictability of
maternal sensory signals evaluated on short time scales of seconds to
minutes is associated with subsequent cognitive functioning in both
rats and human children. Importantly, in our human study, pre-
dictability of maternal sensory signals is associated with cognitive
function even after adjusting for maternal, parenting, and socio-
demographic factors such as level of maternal depressive symptoms,
maternal sensitivity, and socioeconomic status (SES) as well as after
accounting for quantity of signals (e.g., number of transitions). Al-
though predictability uniquely contributes to cognitive function, it
also is the case that parenting characteristics, such as maternal sen-
sitivity, are associated with the predictability of sensory information to
the child and with general cognitive development assessed with the
MDI. Findings from mediational analyses are consistent with the
possibility that entropy rate (degree of predictability of sensory sig-
nals) is a more proximal process by which well-established indicators
of quality of maternal care such as maternal sensitivity and secure
attachment influence the infant.
In humans, maternal sensitivity and depressive symptomatology as

well as the degree of predictability of maternal sensory signals are
associated with overall cognitive function at age 2 y (MDI score).
However, of these measures, only the degree of predictability is as-
sociated with performance on the hippocampus-dependent delayed-
recall task at 6.5 y of age. In addition, it is notable that the degree of
predictability of maternal sensory signals influences hippocampus-
dependent memory function in the rat offspring. Together, these data
suggest that the predictability of sensory input early in life may be a
common biological parameter influencing hippocampal circuit mat-
uration across species. In rats, exposure to disruptions in maternal
care early in life leads to reduced dorsal hippocampal volume and
corresponding microstructural deficits, including reduced dendritic

arborization (26). Future studies will examine if similar deficits are
detectable in children.
There are several strengths of the present investigation, which

employs a prospective and longitudinal design to characterize the
effects of infant exposure to varying degrees of predictability of
maternal sensory signals on subsequent cognitive performance in
both rats and humans. We quantify the degree of predictability of
maternal sensory signals using entropy rate in both species. The
cross-species approach overcomes a primary limitation of observa-
tional studies in humans. In observational human studies, the effect
of maternal behavior cannot be completely disentangled from other
factors such as prenatal influences, shared genes, or shared envi-
ronments that may influence both maternal behavior and child
neurodevelopment. In addition to these study strengths, several
limitations exist. First, cross-species comparability is limited by the
fact that maternal behavior was characterized as two distinct ex-
perimental groups in the rat but was observed as continuous vari-
ation in typical maternal behavior in humans. Second, only male
rats were evaluated. However, in humans, sex did not moderate the
observed association between the degree of maternal predictability
and cognitive function. Third, cognitive function was assessed dur-
ing childhood in humans and at a developmentally older age cor-
responding to late adolescence in the rat. Although ages of the
offspring are not parallel in the two species, the benefit of assess-
ment of human children longitudinally from infancy to middle
childhood allows consideration of the effects of predictability on the
developmental trajectories of cognitive abilities.
The mechanisms by which the degree of predictability of maternal

sensory signals influences subsequent cognitive functioning in the
offspring remain unknown. Cognitive function is predicated on the
normal development and maturation of brain neuronal circuits. The
development of these circuits and their synaptic connections is on-
going during the developmental periods when maternal care was
examined in both humans and rats. It is well established that patterns

Fig. 2. Infants exposed to less-predictable maternal sensory signals (high entropy rate) at 1 y of age have (A) lower child MDI scores at 2 y of age (r = −0.34,
P < 0.001) and (B) poor child delayed-recall scores on the WRAML at 6.5 y of age (r = −0.27, P < 0.05).

Table 1. Multiple regression demonstrating that unpredictable maternal sensory signals at 1 y
postpartum account for unique variance in child MDI scores 1 y later at 2 y of age, after
considering relevant covariates

Regression model R2 F B SE(B) β Partial r

Overall model 0.32 11.24***
Maternal age at delivery −0.19 0.29 −0.06 −0.06
Maternal EPDS, child age 1 y −0.04 0.30 −0.01 −0.01
Breastfeeding duration 0.35 0.24 0.12 0.13
SES composite score 4.22*** 0.88 0.44 0.40
Maternal behavioral entropy rate −15.35* 6.88 −0.18 −0.20

Significance: *P < 0.05, ***P < 0.001; dependent variable is child MDI score at 2 y of age. β, standardized beta
coefficient; B, unstandardized beta coefficient; F, F statistic/regression result; SE(B), standard error of the unstan-
dardized beta coefficient.
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of afferent stimulation govern the development and potentiation of
single synapses in these circuits (27). Thus, it is tempting to speculate
that consistent, predictable patterns of sensory stimulation from the
mother will influence synaptic differentiation in an analogous man-
ner. Indeed, in rats that received experimentally enhanced predict-
able maternal care there was reduced excitatory innervation of
specific cell populations in the hypothalamus (28), whereas rats that
received unpredictable maternal care displayed increases in excitatory
innervation of the same stress-sensitive neurons (19, 29). Although
these proposed mechanisms remain speculative, the cross-species
findings reported here enable future testing across species using
common methodologies such as MRI (26) with both species. These
imaging studies could then be augmented with evaluation of molec-
ular and synaptic changes in the rat to precisely test these proposed
mechanisms. Thus, the finding presented here should promote in-
novative and important studies throughout the field of developmental
neuroscience. The identification of the predictability of maternal
sensory signals as a process by which maternal behavior shapes her
offspring’s developing brain is a critical first step toward the testing of
hypothesized mechanisms at the neural, molecular, and genetic levels.

Methods
Study Overview. We evaluated the relation between degree of predictability of
maternal sensory signals and subsequent cognitive functioningof the offspring in
both humans and rats. In rats, predictability of maternal sensory signals was
experimentallymanipulatedbetweendays P2 andP9. Theeffect of unpredictable
maternal sensory signals on subsequent cognitive function in the offspring was
evaluated using a hippocampus-dependent spatial memory task at an age when
spatial memory can be reliably assessed (between days P49 and P60). In humans,
the degree of predictability of maternal sensory signals was evaluated in the
context of a free-play interaction at 1 y of age. To evaluate the influence of early
maternal care on subsequent child cognitive development, cognition was
assessed at age 2 y using the Bayley Scales of Infant Development (BSID-II) (30)
and at age 6.5 y using the Wide Range Assessment of Memory and Learning
(WRAML-2) (31) to evaluate delayed-recall memory. The entropy rate for both
species was computed based on real-time observations of maternal sensory
behavior to characterize the degree of predictability.

Participants.
Rat subjects. Dams (n = 12) were primiparous, timed-pregnant Sprague–Dawley
rats maintained in uncrowded animal facilities on 12-h light/dark cycles with
access to chow and water. Pups from several litters were gathered on day P2.
Ten pups were assigned at random to each dam to obviate potential genetic
and litter size confounders. Both males and females were included, and litters
were matched for the number of males. In the current studies, only males
were used (n = 28). After weaning, they were housed two or three mice per
cage. All animal experiments were performed in accordance with NIH guide-
lines and were approved by the Institutional Animal Care and Use Committee
at the University of California, Irvine.
Human participants. Study participants included 128 mothers and their children
(62 female, 66male) participating in a longitudinal study evaluating the role of
early experiences on development. Women who were English-speaking,

nonsmokers, over the age of 18 y, with a singleton pregnancy, and for
whom there was no evidence for drug or alcohol use during pregnancy were
eligible. The study participants included in these analyses were the 128 women
for whom video recordings of maternal–child interactions and child outcomes
were available and videos were of sufficient quality to assess predictability of
maternal sensory information (nine women for whom less than 90% of the
video was of good quality were excluded). All children included in the present
analyses were born at greater than 35 gestational weeks and had 5-min Apgar
scores between 8 and 10. Descriptive information for the sample appears in
Table 2. One hundred twenty-eight mother–child dyads were seen at child age
of 1 y (mean = 1.01, SD = 0.03) and 2 y (mean = 2.01, SD = 0.03). A subset of 60
(27 males, 33 females) of these mother–child dyads additionally was seen at
6.5 y (mean = 6.51, SD = 0.14). As shown in Table 2, the subsample seen at
child age 6.5 y is similar to the overall sample on sociodemographic factors. All
human procedures were approved by the Institutional Review Board for Pro-
tection of Human Subjects at the University of California, Irvine. Each mother
provided written and informed consent for herself and her child.

Measuring the Degree of Predictability of Maternal Sensory Signals to the
Offspring.
Rat maternal behavior.

Experimental manipulation. Maternal behavior was manipulated by randomly
assigning dams and litters to either “impoverished” cages (LBN condition) or
standard cages from P2 through P9, as described previously (20). In the LBN
condition, typical plastic cages were fitted with a plastic-coated mesh platform
∼2.5 cm above the floor. Bedding was reduced to cover the cage floor sparsely,
and one-half of a single paper towel was provided for nesting material. Control
dams and litters resided in standard cages containing 0.33 ft3 of cob bedding.
The LBN paradigm induces fragmented and unpredictable maternal care (20,
21). Control and experimental cages were undisturbed during P2–P9 and were
housed in temperature-controlled rooms with laminar airflow preventing am-
monia accumulation. LBN groups were transferred on day P10 to routine cages,
where maternal behavior normalizes within hours (21). Rats were weaned on
P21–22 and then were housed in group cages.

Assessment of rat maternal behavior.Maternal behaviors were recorded through
direct and continuous observation of cages for 50-min periods twice each day, as
described in ref. 20 and in SI Appendix, section S1.1. Mothers were identified as
performing one of seven different behaviors: licking/grooming pups, carrying
pups, eating, nursing (in high-or low-arched posture), nest building, off pups, or
self-grooming. Two investigators coded behaviors, and coding reliability was
established (20).

Quantifying predictability of maternal behavior in rats (entropy rate). The total
amount of the individual nurturing behaviors (licking/grooming, nursing) in the
control and LBN environments was assessed using four cohorts collected at dif-
ferent times. Each cohort consisted of two dams in control environments and two
dams in LBN cages. Next, we assessed unpredictability of maternal behavioral by
modeling behavioral sequences as a first-order Markov chain and estimating the
entropy rateof the process. This approach focusedon transitions fromone typeof
maternal behavior to another. For each mother a record was maintained of the
frequency and conditional probability of transitions from each of the K = 7
behaviors described above (licking/grooming, nursing, and others) to all other
behaviors. The entropy rate for the stochastic process describing maternal care
was estimated as described below for the human study and in SI Appendix,
section S1.2.
Human maternal behavior.

Observation. Mothers were video-recorded interacting with their 12-mo-old
infants in a semistructured 10-min play episode. During this play interaction,
mothers were given a standard set of age-appropriate toys and were instructed to
play with their infant as they would at home. Maternal behaviors that provide
auditory, visual, or tactile sensory signals to the childwere codedcontinuously in real
time from digital video recordings using The Observer XT 11 (Noldus). Auditory
signals included all maternal vocalizations (e.g., talking, laughing). Visual signals
included maternal manipulation of a toy or object while the infant was visually
attending. Tactile signals involved all instances of physical contact (e.g., holding,
touching) initiated by the mother. Coders were blind to all other information on
study participants. Interrater reliability was calculated for 20% of the videos and
averaged 89%. Additional details are provided in SI Appendix, section S.1.1.

Quantifying predictability of maternal behavior in humans (entropy rate). To quantify
the extent to which sequences of maternal sensory signals were predictable, we
focusedon the conditional probabilities of transitioningbetweenmaternal visual,
auditory, and tactile sensory signals. We considered all K = 8 combinations of
these sensory signals. For example, a mother might be speaking to the child
while showing her a toy (auditory and visual input). If she additionally picked up
the child (tactile input) so that she was then providing auditory, visual, and
tactile input, then picking up the child would be considered a transition.

Fig. 3. Mediation model of maternal sensitivity, entropy rate, and child MDI
scores. All coefficients are unstandardized. Test of indirect effects indicates
that entropy rate partially mediates the relation between maternal sensi-
tivity and child cognitive performance. The value in parentheses is the co-
efficient describing the relation between maternal sensitivity and child MDI
scores not accounting for entropy rate. **P < 0.01, ***P < 0.001.
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These observed behavioral data were then summarized in an empirical
transition matrix P = fpijg for i, j= 1, . . . ,K, where pij measures the proportion
of times that a mother who was performing behavior i transitioned to behavior
j. The likelihood of transitions was assumed to depend only on the current
behavior and not on earlier behaviors in the sequence. This made the series of
behaviors a Markov process (32). Row i of the transition matrix summarized the
distribution of the next behavioral state from behavior i. Each row summed to

one,
PK

j= 1
pij = 1, because these entries accounted for all possible transitions

starting from state i. Additionally, pii = 0 for all i, indicating that it was not
possible to transition to the same state.

To measure the predictability of the transitions between sensory signals (or
combinations of signals), we applied measures from information theory (32).
Entropy and entropy rate are measures of the randomness or unpredictability of
random variables and stochastic processes, respectively (32). The range of values
for both measures is from zero to the logarithm of the number of possible states
of the process. For each row i of P we calculated the entropy (or predictability) of

the distribution of the nextmaternal signal, h=−
PK

j =1
pij log2 pij (33). For aMarkov

process like our sequence of maternal signals, the entropy rate is a weighted
average of these row entropies weighted by the stationary distribution of the pro-
cess, π = fπig. The stationary distribution, π = fπig,   i= 1, . . . ,K, can be thought of as
the proportion of time spent in each state if wewere to observe a behavioral process
governed by the transition matrix P over a long period (34). Once the stationary
distribution was determined, the entropy rate was calculated as follows:

H=−
PK

i= 1
πi

PK

j= 1
pij log2 pij. A higher entropy rate indicates more unpredictable ma-

ternal sensory signals. Additional details are provided in SI Appendix, section S1.2.
Characterizing global quality of maternal care: Maternal sensitivity. Maternal sensi-

tivity was evaluated through observation of the same 10-min interaction to
determine whether predictability of maternal behavior contributed to child
cognitive function beyond measures of maternal care quality. Maternal behavior
was coded using a protocol developed for the National Institute of Child Health
and Human Development (NICHD) Study of Early Child Care and Youth Devel-
opment (6). Maternal behavior was rated for sensitivity to nondistress, in-
trusiveness, and positive regard (1 = not at all characteristic to 4 = highly
characteristic). A composite rating of maternal sensitivity was created by sum-
ming ratings of sensitivity to nondistress, positive regard, and intrusiveness
(reverse-coded). Coders were blind to other data gathered on study participants.
Interrater reliability was calculated for 20% of the videos, and reliability for
subscales ranged from 90–93%.

Relating Degree of Predictability of Maternal Care to Cognition in Humans and Rats.
In both humans and rats the association between early degree of predictability of
maternal sensory signals and subsequent cognitive functioning was evaluated.
Spatial memory in rats. Rats were tested with a hippocampus-dependent spatial
memory task that evaluates the ability to remember the location of an object (35).
This task consisted of two sessions conducted over 2 d and involved a training
session and a testing session (24 h after training). Rats from each of the study
groups were run concurrently and at the same time of day. Rats were assessed on
days P49–P60.

During the training session, ratswere placed in the experimental apparatuswith
two identical objects (250-mL beakers) and allowed to explore the objects for
10min. During the testing session on day 2, ratswere returned to the testing room,
placed in the experimental apparatus, and presented with the two familiar objects
from the training sessionwith one objectmoved to a novel location. Exploration of
the two objects was scored for 5min. Both training and testing phases were video-
recordedusinganoverhead camera, and thedurationof explorationof eachobject
(touching the object with the nose or sniffingwith the nose<1 cm fromobjects) as
well as total object exploration were scored by an observer who was blinded to
condition. To assess recognitionmemory of the familiar location, exploration times
for the novel and familiar locations were used to calculate a discrimination ratio,
N/F. Because rats explore novelty, they will prefer an object moved to a new lo-
cation over one in a familiar place (36, 37). Thus, a higher N/F ratio indicates better
recognition memory.
Mental development in humans. Child cognitive ability was assessed at age 2 y using
the BSID-II (30), a widely used instrument to assess infant and toddler cognitive
development. The primary outcome of interest for this study was the MDI that
assesses cognitive (e.g., sensory/perceptual acuities, problem-solving, acquisition of
object constancy) and language skills. A second PDI that measures gross and fine
motor skills was administered also. Conventional scoring created composite MDI
and PDI scores (Table 2) that were then converted to a scaled score using a de-
velopmental reference table that adjusts for the age of the child. An independent
observer scored 27% of the assessments, and interrater reliability was 93%.
Delayed-recall memory in humans. Because published rat literature focuses primarily
on the effect of unpredictable care on memory (26), we evaluated the perfor-
mance of older children on a hippocampus-dependent delayed-recall memory
assessment. The verbal list-learning test from the second edition of the WRAML-
2 (31) was used to assess children’s verbal delayed-recall memory. This task in-
cludes an immediate and a delayed-recall condition. The delay condition was the
outcome of interest because performance on delayed-memory tasks has been
shown to be indicative of hippocampal function (36). The subtests have dem-
onstrated validity and good internal consistency (31).

Table 2. Descriptive information for mothers and children in the study sample

Sample characteristics Full sample, n = 128
Subsample at child
age 6.5 y, n = 60

Comparisons test
statistic (P)

Maternal characteristics
Age at delivery (M ± SD) 29.9 ± 5.2 30.1 ± 4.8 −0.41 (0.68)
Cohabitating with child’s father, % 92 90 0.75 (0.39)
Ethnicity, % 4.08 (0.40)

Non-Hispanic white 49.2 46.7
Hispanic 29.7 31.7

Household income, in dollars, M ± SD 62,637 ± 34,223 66,250 ± 36,390 −1.12 (0.26)
Education in years, M ± SD 15.8 ± 2.5 16.02 ± 2.50 −0.93 (0.36)

High school or less, % 12.5 13.3
Some college, % 36.7 30.0
College graduate, % 50.8 56.7

Entropy rate, M ± SD 0.77 ± 0.21 0.76 ± 0.19 0.56 (0.58)
Maternal depressive symptoms, EPDS 4.6 ± 4.5 4.3 ± 5.1 0.58 (0.56)
Maternal sensitivity at child age 1 y, M ± SD 9.72 ± 1.72a 9.87 ± 1.64 −0.90 (0.37)

Child characteristics
Sex, % male 51.6 45.0 1.95 (0.16)
Gestational age at birth, M ± SD 39.4 ± 1.3 39.5 ± 1.1 −1.09 (0.28)
Birth weight, g 3,409.9 ± 466.19 3,382.8 ± 451.6 0.62 (0.54)
First born, % 43.8 51.7 2.88* (0.09)
Duration of breastfeeding, M ± SD in months 7.9 ± 6.0 9.3 ± 6.5 −2.40** (0.02)
MDI at age 2 y, M ± SD 97.8 ± 17.1 101.1 ± 18.2 −2.02** (0.045)
PDI at age 2 y, M ± SD 97.9 ± 13.6 99.5 ± 15.5 −1.22 (0.23)
Delayed recall (WRAML) at age 6.5 y, M ± SD 10.3 ± 2.7

Significance: *P < 0.10, **P < 0.05 comparing those with 6.5-y follow-up and those without; all other Ps > 0.10. M, mean.

10394 | www.pnas.org/cgi/doi/10.1073/pnas.1703444114 Davis et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1703444114/-/DCSupplemental/pnas.1703444114.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1703444114


Possible Confounding Factors in the Human Study. Based on the published
literature, we identified maternal, demographic, and child factors that may
influence cognitive development for inclusion in analyses assessing possible
confounding factors.
Maternal depression.Depressive symptomswere assessed concurrently with the
evaluation of maternal behavior using the 10-item Edinburgh Postnatal
Depression Scale (EPDS) (38). Data were imputed using regression imputa-
tion for two women who did not complete the EPDS.
Sociodemographic measures. Race/ethnicity, maternal cohabitation with baby’s
father, maternal education, and household income were assessed via ma-
ternal report. Education and household income were used to create a
standardized SES composite score (39).
Child measures. Gestational age at birth, birth order, birth weight, and Apgar
scores were abstracted from the medical record. Breastfeeding history was
assessed via maternal report.

Statistical Analysis.
Degree of predictability of rat maternal sensory signals and offspring cognitive
development. We used t tests to compare the discrimination ratio values and
total exploration times of both groups. Two rats (out of 30) were excluded
because of short exploration times (<40 s). One rat was considered an outlier
and was removed from the discrimination ratio analysis based on the Grubb
test (www.graphpad.com/quickcalcs/Grubbs1.cfm).
Identification of covariates (humans). Correlations, t tests, and ANOVA were
used when appropriate to identify sociodemographic (i.e., race/ethnicity,
cohabitation with baby’s father, SES, depressive symptoms) and infant (i.e.,
birth order, sex, birth weight percentile, gestational age at birth, duration of
breastfeeding) variables that might influence infant cognitive or motor
development. The factors associated with both maternal behavioral entropy
rate and child MDI, PDI, or delayed recall at the level of P < 0.10 were
identified for inclusion as covariates in relevant analyses. Maternal age at
delivery, maternal depressive symptoms, SES, and duration of breastfeeding

were associated with both maternal behavioral entropy rate at 1 y and child
MDI scores at 2 y at P < 0.10 and thus were included as covariates in subsequent
analyses with MDI. Maternal age at delivery, breast feeding duration, and SES
were associated with both maternal behavioral entropy rate at 1 y and child
PDI scores at 2 y at P < 0.10. No covariates were associated with both maternal
behavioral entropy rate at 1 y and delayed recall at 6.5 y at P < 0.10.
Degree of predictability of human maternal sensory signals and child cognition. First,
bivariate correlations were used to evaluate whether the degree of pre-
dictability of maternal sensory signals (entropy rate) was associated with child
cognition. If significant correlations were observed, a regression model was
implemented to determine whether maternal behavior patterns predicted child
cognitive function after accounting for identified covariates. For both outcomes,
subsequent analyses were conducted to determine if sex moderated the impact
of early maternal behavior on subsequent child cognitive development.
Degree of predictability of maternal sensory signals and other maternal care
indicators. Final analyses evaluated the relation between measures of degree
of predictability (entropy rate) and global maternal care indicators. For rats
we tested whether group differences associated with predictability were due
to differences in quantity of care. For humans, the relation between degree
of predictability of maternal sensory signals and maternal sensitivity was
evaluated using Pearson correlations. Next, we included maternal sensitivity
as a covariate in our model to determine whether entropy rate accounted for
variance in child cognition after covarying maternal sensitivity. Finally, we
assessed whether entropy rate partially mediated the relation between
maternal sensitivity and child outcomes using a test of indirect effects (95%
bias-corrected bootstrap CIs with 5,000 bootstrap resamples).
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