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Abstract

Physiological synchrony between interacting individuals is thought to support emotional
regulation and therapeutic change, but whether such coupling extends across species remains
unclear. We investigated heart rate variability (HRV) synchronization, via cross-wavelet power,
between therapy horses and female psychiatric patients (n = 32) across four standardized horse-
assisted therapy sessions, compared with a healthy female control group (n = 28) tested once.
Using repeated-measures multilevel models, HRV synchronization between horses and patients
increased significantly across sessions, exceeding control-group levels by session four despite
matching it at session one. During passive, close-contact phases, synchronization was
significantly stronger in high- than in low-frequency HRV bands, consistent with shared
parasympathetic activity. Patients also reported reduced stress and symptom severity after each
session. These findings indicate that horse-assisted therapy promotes dynamic, context-
dependent physiological co-regulation between humans and horses, with the therapy horse
potentially serving as a non-verbal, non-judgmental partner that supports parasympathetic
synchronization during close physical contact.

Keywords

heart rate variability; physiological synchrony; horse-assisted therapy; cross-wavelet power;

human-animal interaction
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Physiological synchrony is increasingly recognized as a fundamental mechanism un-
derlying social bonds, emotional attunement, and therapeutic change '~. In human interac-
tions, coordinated physiological processes such as heart rate variability (HRV), respiration,
and neural activity have been linked to empathy, emotional regulation, attachment, and inter-
personal connectedness *. In psychotherapy research, synchrony has also been proposed as a
potential mechanism through which therapeutic relationships exert their effects >°. While this
research has primarily focused on human-human interaction, much less is known about
whether comparable synchronization processes can also occur between different species. If
physiological synchronization can emerge across species, it would suggest that such processes
rely on basic, embodied and non-verbal mechanisms rather than shared language or cognitive
complexity, with implications for a better understanding of the therapeutic process.
Horse-assisted therapy and cross-species interaction

Horse-assisted therapy (HAT) offers a unique context for investigating such cross-
species synchronization processes. In recent decades, horses have been increasingly integrated
into psychotherapeutic interventions targeting emotional regulation, interpersonal functioning,
trauma-related disorders, and stress-related psychopathology ¢'*. Unlike many other animal-
assisted interventions, HAT combines social interaction, close physical contact, rhythmic
movement, and embodied nonverbal communication within a highly dynamic interactive
context °.

Horses are highly social herd animals that rely on nonverbal communication and a
rapid sensitivity to environmental and social cues !°. Humans, too, are fundamentally
dependent on social connectedness and interpersonal regulation for their psychological and
physiological well-being '8, This shared social sensitivity can create conditions under
which coordinated physiological states may emerge between humans and horses during social
interactions '*?°. Importantly, interactions with horses differ significantly from human-to-

human encounters as they involve fewer verbal and cognitively mediated processes and may
3
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rely more heavily on implicit, embodied, and sensorimotor forms of communication. For
people with psychiatric disorders, these cross-species interactions may therefore offer an
alternative pathway to affective and physiological co-regulation °2!.

Mechanisms of horse-assisted therapy

Several mechanisms have been proposed to explain the therapeutic effects of HAT. On
a behavioral level, horses provide immediate and nonjudgmental feedback to human emotional
states 2% potentially facilitating self-awareness and emotional regulation 2.

Beyond these behavioral processes, HAT also involves a highly embodied form of
interaction characterized by rhythmic movement, tactile stimulation, and close somatic contact
between human and horse °.

Horseback riding, in particular, introduces repetitive vestibular, tactile, and
proprioceptive stimulation that may directly influence autonomic nervous system (ANS)
functioning 2*?°. Such rhythmic bodily experiences have been associated with relaxation,
perceived safety, and reduced arousal, potentially facilitating parasympathetic regulation and
embodied forms of co-regulation 2%, In addition, the therapeutic setting often involves close
physical proximity and sustained bodily interaction with the horse, potentially evoking
experiences of safety, trust, and attachment-related regulation 272,

Together, these findings suggest that the therapeutic effects of HAT may not solely arise
from verbally or cognitively mediated therapeutic processes but also from dynamic
physiological interactions between human and horse. However, despite increasing evidence for
the clinical effectiveness of HAT, the physiological mechanisms underlying these effects remain
insufficiently understood.

Physiological synchrony and heart rate variability
One promising candidate mechanism is physiological synchrony of the ANS in the

horse-human dyad. Physiological synchrony refers to the dynamic coordination of

physiological processes between interacting individuals °. The relevance of synchrony in
4
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therapeutic processes is highlighted by 2 In-Sync model, which proposes that synchrony across
behavioral, emotional and physiological levels may contribute to the therapeutic alliance and
psychotherapy outcome. Although originally developed in the context of human psychotherapy,
this framework may be extended to horse-assisted therapy, where therapeutic change unfolds
through embodied, nonverbal, and cross-species interaction.

Such synchronization has been observed in human dyads across a variety of contexts,
including romantic relationships, parent-child interactions, cooperative tasks, and

30-33

psychotherapy . Synchronization processes are thought to reflect shared attention,

emotional attunement, interpersonal regulation, and coordinated behavioral engagement 34

36

HRYV represents a particularly informative measure in this context, as it refers to the
variation in time intervals between successive heartbeats and reflects the dynamic regulation of
the ANS 37. High-frequency HRV (oscillations of 0.15 Hz or above) is commonly interpreted
as an indicator of parasympathetic activity, whereas lower-frequency oscillations (below 0.15
Hz) are thought to reflect a combination of parasympathetic, sympathetic, and baroreflex
mechanisms *"*. HRV is considered a marker of physiological flexibility and adaptive

regulation 434

, with reduced HRV consistently linked to chronic stress and psychiatric
disorders %47 Importantly, impairments in autonomic regulation appear to extend beyond
clinical diagnoses. Early life adversity (ELA), chronic stress exposure, and elevated symptom
severity have repeatedly been associated with long-term reductions in HRV and altered stress
responsivity 263! Such findings suggest that psychopathology-related factors may influence
not only individual autonomic functioning but potentially also the capacity for physiological
synchronization with others - since synchronization processed depend on dynamic autonomic
responsiveness, chronic reductions in HRV may limit the range of physiological responses

available for coupling with an interaction partner 3>,
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Despite growing evidence for the effectiveness of HAT, most existing studies have
examined disorder-specific outcomes, focusing on particular diagnoses such as PTSD 19,
depression and anxiety ', or autism spectrum disorder 2. A transdiagnostic perspective,
examining mechanisms shared across psychiatric conditions rather than specific to any one
diagnosis, remains largely absent from this literature. HRV offers a particularly valuable entry
point for such an approach as it has been explicitly proposed as a transdiagnostic marker of
psychopathology *, as autonomic dysregulation and reduced HRV are observed broadly across
psychiatric diagnoses, independent of specific symptom profiles. Investigating HRV
synchronization in HAT therefore allows for an examination of a fundamental, disorder-
independent regulatory mechanism that may underlie the therapeutic potential of HAT across
diverse patient populations.

Like humans, horses exhibit measurable HRV reflecting the dynamic regulation of the
ANS, with higher HRV associated with relaxation and adaptive autonomic regulation, and
lower HRV linked to stress and arousal **. Frequency-domain analyses reveal distinct low- and
high-frequency components in equine HRV comparable to those in humans: high-frequency
components primarily reflect parasympathetic activity, while low-frequency components reflect
a combination of sympathetic and parasympathetic influences **°. Importantly, HRV can be
reliably recorded in horses even during movement >, enabling the investigation of dynamic
physiological coupling between humans and horses in naturalistic settings.

Measurement of heart rate variability synchronization

Initial psychophysiological studies in HAT have reported changes in autonomic
functioning during human-horse interaction, including reductions in stress-related
physiological arousal and increases in HRV **¢, Some studies further suggest the possibility
of physiological coupling between horses, therapists, and participants during therapeutic
interaction >, Together, these findings raise the possibility that HAT may involve forms of

cross-species autonomic co-regulation 3438,
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However, existing research remains limited in several important aspects. First, little is
known about how synchrony develops over repeated therapeutic sessions. Second, previous
studies rarely investigated which specific therapeutic elements or autonomic processes shape
synchronization dynamics, in part because most previous studies employed global or time-
averaged physiological measures that cannot capture the temporal structure of such effects *
5739 Third, the influence of psychopathology-related variables such as stress and symptom
severity on cross-species synchrony remains largely unexplored.

Importantly, physiological regulation is inherently dynamic rather than static .
However, synchronization processes during HAT are likely to fluctuate continuously across
different therapy elements, levels of movement, emotional engagement, and bodily contact. To
capture these dynamics more precisely, we applied cross-wavelet power (CWP) analyses, which
allow the investigation of synchrony simultaneously across time and frequency domains.
Compared to conventional analyses focusing primarily on broad low-frequency (LF) and high-
frequency (HF) components, CWP enables a more fine-grained characterization of autonomic
synchrony by differentiating multiple frequency bands with higher temporal and frequency-
specific resolution 3!, Since distinct frequency bands reflect different autonomic processes, as
described above, frequency-specific synchrony analysis can reveal not only whether human and
horse are physiologically coupled, but which autonomic processes drive this coupling. This
approach may be particularly relevant in HAT, where interactional demands continuously shift
between active riding, rhythmic movement, tactile contact, and passive resting phases.
Present study

The present study therefore aimed to investigate HRV synchronization between therapy
horses and participants during standardized HAT sessions. The population consisted of women
with psychiatric disorders, who each completed four HAT sessions, and healthy controls, who
completed a single session. We hypothesized that (1) HRV synchronization between therapy

horses and participants in the patient group would increase across the four sessions, reflecting
7
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therapeutic progress, insofar as physiological synchrony in therapeutic relationships has been
linked to the development of trust, co-regulation, and therapeutic alliance. Furthermore, we
anticipated (2) that the synchronization pattern within the patient group would change over the
sessions, gradually approaching that observed in the healthy control group during their single
session. Additionally, we examined whether psychopathology-related variables such as
perceived symptom severity and perceived stress would be associated with HRV
synchronization within the patient group. Therefore, we hypothesized that, within the patient
group, greater symptom severity (3) and higher perceived stress (4) prior to each session would
be associated with reduced HRV synchronization between therapy horse and participant. In
addition to hypothesis testing, an exploratory analysis was conducted to investigate whether
synchronization dynamics differ not only across specific therapy elements but also across
distinct HRV frequency bands.
Results

Our analyses focused on the extracted CWP values across the four HRV frequency bands,
which are comparable to traditional high and low frequency band analysis while providing
higher temporal and frequency-specific resolution (see Methods).
Frequency specific synchronization across therapy elements

To investigate whether synchronization dynamics differed across therapy elements and
HRV frequency bands, an exploratory interaction model (not preregistered) including the
interaction between therapy element and frequency band was estimated. The interaction model
provided a significantly better fit to the data than a model including only main effects, °(33) =
133.97, p < .001, accompanied by a marked reduction in AIC (AAIC = 71.91), although BIC
increased substantially (ABIC = 177.50), reflecting the considerably larger number of estimated
parameters (33 vs. 10). In addition, the interaction model explained a larger proportion of
variance at the fixed-effects level (marginal R’ = .154) compared to the main-effects model

(R’marginal = .145), while the overall explained variance including random effects also increased
8
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slightly (R’conditional = .184 vs .176). Statistical details on model comparisons can be found in
the supplementary section.

Post-hoc pairwise contrasts between frequency bands were conducted separately for
therapy element, with Holm correction applied across the six comparisons within each element.
Results showed that synchronization patterns differed substantially across therapy elements and
frequency bands. Importantly, frequency-specific differences were not uniformly present across
all therapy elements, but emerged particularly during specific interaction phases.

During the calmest therapy element, characterized by close physical contact while lying
on the horse, pronounced differences between frequency bands were observed. Both high-
frequency bands (UHF and LHF) showed significantly higher synchronisation values than both
low-frequency bands (UHF > ULF: p <.001; UHF > LLF: p <.001; LHF > ULF: p <.001;
LHF > LLF: p <.001), while UHF and LHF did not differ from each other (p = .396), nor did
ULF and LLF (p =.530).

In contrast, a different synchronization profile emerged during more active phases such
as riding. Here, synchronization in the UHF band was significantly lower than in all other
frequency bands (LHF: p < .05; ULF: p <.001; LLF (p <.001). Additionally, LHF and ULF
differed significantly from each other (p = .043), while LHF and LLF (p = .445) and ULF and
LLF (p=.183) did not. Additional frequency-specific differences were observed during selected
elements, including grooming or preparation phases, although these effects were less consistent
and often did not remain statistically significant following correction for multiple comparisons.
Figure 2. Frequency-Specific HRV Synchrony Across Therapy Elements During HAT

Sessions
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Note. Points represent mean cross-wavelet power (CWP) values across therapy elements and
HRYV frequency bands. Error bars represent 95% confidence intervals. Higher values indicate
stronger HRV synchrony between participant and therapy horse. Values were z-transformed
prior to analysis. Frequency bands included upper-high frequency (UHF), lower-high frequency
(LHF), upper-low frequency (ULF), and lower-low frequency (LLF) components of HRV
synchrony. Therapy elements comprised baseline phases before and after the session (Basel,
Base2), contact/ grooming (C, G), riding-related phases including walking (R), first trot (T1),
the continued riding phase directly following the first trot (T1E), second trot (T2), the continued
riding phase directly following the second trot (T2E), lying on the horse (L), and farewell (F).
Does HRV synchronization increase across the four HAT sessions patients?

Hypothesis 1 postulated that HRV synchronization between the therapy horse and the
participant within the patient group increases across the four HAT sessions. To test this

hypothesis, “session” was integrated into the base multilevel model, which until then included

10
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therapy element, frequency band, their interaction, interval, as well as random intercepts for
participants and an AR (1) correlation structure to account for repeated measures over time.

Including session as a categorical predictor significantly improved model fit relative to
the base model, ° (3) = 9.75, p = .021. The session model showed slightly lower BIC values
(66923.25 vs. 66944.44), and comparable AIC values (66524.20 vs. 66520.44) compared to the
base model. The analysis revealed a significant positive main effect for the fourth session
compared to the first session (b =0.074, p = .009).

Given the limited number of sessions (k = 4), a linear trend model was estimated as the
most parsimonious representation of longitudinal change. Compared to the base model, the
linear session model also showed improved fit, ¥° (1) = 6.81, p = .009, accompanied by slightly
lower AIC values (66519.39 vs. 66524.20), and revealed a significant positive linear increase
in synchronization across sessions (b = 0.023, p =.009), as can be seen in Figure 3.

Including session as a predictor did not meaningfully change the proportion of variance
explained relative to the model without (marginal R’ = .154 for both models, conditional R’
=.184 for both models), even though the overall model fit improved significantly by likelihood-
ratio test. Together, these findings support Hypothesis 1 and indicate increasing HRV
synchronization between therapy horses and participants over the course of repeated HAT
sessions.

Figure 3. Mean HRYV Synchrony Across the Four HAT Sessions

11
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Note. Gray points represent dyad-level mean HRV synchrony values for each session. Black
points and connecting lines represent group means across sessions. Error bars indicate 95%
confidence intervals. HRV synchrony was indexed by z-transformed cross-wavelet power
(CWP), with higher values indicating stronger synchrony between participant and therapy horse.
Does the HRV synchronization patterns in the patient group align with those observed in the
control group?

Our second hypothesis proposed that the synchronization patterns in the PG during the
fourth HAT session would more closely resemble those observed in the CG than during the first
session.

To test this hypothesis, a linear mixed-effects model was estimated with mean CWP as
the dependent variable. The model included interval, therapy element, frequency, the therapy
element x frequency interaction as fixed effects, with a random intercept for participants and an

AR (1) correlation structure. In accordance with the pre-registered analysis strategy, the
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predictor variable “group” (consisting of the levels control group [CG], patient group session 1
[PG1], and patient group session 4 [PG4]), was added as a predictor.

Including group led to a significantly better model fit than the baseline model without
this predictor, y° (2) = 16.38, p < .001. The group model showed a lower AIC (59032.85 vs
59045.22), whereas BIC slightly favored the baseline model (59437.77 vs 59433.95). However,
the increase in explained variance was small, with marginal R’ increasing from .143 to .144 and
conditional R? from .206 to .208.

Post-hoc contrast analyses using Holm correction against the control group revealed no
significant difference in HRV synchrony between the patient group in their first session (PG1)
and the control group, b = 0.041, p = .582. In contrast, HRV synchronization in PG 4 was
significantly higher than in the control group, b = 0.135, p <.001 (see Figure 4).

Although the preregistered statistical criterion was formally met, the conceptual
assumption of convergence toward the control group was not supported, as the synchronization
trajectories of the patient and control groups diverge rather than converge over time.

Figure 4. HRV Synchrony Across Control and Patient Groups
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Note. Points represent estimated marginal means of HRV synchrony in the control group (CG),
patient group during session 1 (PG1), and patient group during session 4 (PG4). Error bars
represent 95% confidence intervals. HRV synchrony was indexed using z-standardized cross-
wavelet power (CWP), with higher values indicating stronger synchronization between
participant and therapy horse.

Effect from perceived symptom severity on HF-HRV synchronization in the patient group.

Hypothesis 3 assumed an inverse relationship and posited that higher initial symptom
severity in patients would predict lower HRV synchronization between therapy horse and
participant. The analysis was restricted to the n = 23 patients with complete symptom severity
data. Comparing the model including symptom severity as a main effect to the base model did
not yield a significant improvement in model fit, y’(1) = 0.91, p =.340, indicating no robust
overall association between symptom severity and HRV synchronization. Thus, Hypothesis 3
was not supported.

To examine whether symptom-related effects varied across therapy contexts and
frequency bands, an exploratory interaction model including symptom severity, therapy element,
and frequency band was estimated. This interaction model significantly improved model fit,
1(43)=132.41, p <.001, and was accompanied by lower AIC values (29636.91 vs. 29683.32).
However, BIC increased substantially (30325.53 vs. 30050.08), reflecting the heavy penalty for
43 additional parameters. Explained variance increased from Rmarginal = .177 to .191 and
RZconditional = .218 to .232 compared to the base model.

Exploratory slope analyses revealed context-dependent associations between symptom
severity and HRV synchronization. Significant negative associations emerged during riding (R:
UHF b =-0.070; LHF b =-0.102) and the end of the first trotting phase (T1E: UHF b =-0.218;
LHF b = -0.161), indicating that patients with higher symptom severity showed less HRV
synchronization in the higher frequencies during active movement phases. An unexpected

positive association emerged during the second trot phase (T2: UHF b = 0.359). No significant
14
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associations were observed during passive therapy elements or in the low-frequency bands.
Given their exploratory nature, these findings require replication.

Effect from perceived stress on HRV synchronization in the patient group.

Hypothesis 4 postulated a similar inverse relationship regarding acute stress, assuming
that higher perceived stress prior to the session would correlate with lower HRV synchrony
between participant and therapy horse. The analysis was restricted to the n = 31 patients with
complete perceived stress data. Comparing the model including perceived stress as a main effect
to the base model did not yield a significant improvement in model fit, 5°(1) = 3.22, p = .073
(AIC = 60365.47 vs. 60364.25; BIC = 60759.74 vs. 60766.74), indicating no robust overall
association between perceived stress and HRV synchronization. Thus, Hypothesis 4 was not
supported.

To examine whether acute stress-related effects varied across therapy elements and
frequency bands, an exploratory interaction was computed. This model significantly improved
fit over the main effect model, y*(43) = 72.48, p = .003. However, AIC (60377.77) and BIC
(61133.45) values were both higher than in the base model.

Exploratory slope analyses revealed five therapy element x frequency band
combinations with significant associations. During the riding element, perceived stress was
negatively associated with HRV synchronization in both the UHF (b = -0.066) and the LHF (b
=-0.044) band, indicating that patients with higher pre-session stress showed less physiological
coupling with the horse during riding. A similar negative pattern emerged during the end of the
first trotting phase in UHF (b = -0.055) and during the second trotting phase in the LLF band
(b = -0.118). In contrast, the end of the second trotting phase in the UHF band showed a
significant positive slope (b = 0.089), suggesting greater synchronization with higher pre-
session stress during this element. No significant associations were found during passive or
resting elements. Given the exploratory nature of these analyses, findings should be interpreted

with caution and require replication.
15
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Acute changes in perceived stress and symptom severity across HAT sessions

To examine whether participants reported acute changes in perceived stress and
symptom severity across HAT sessions, additional exploratory linear mixed-effects models with
random intercepts for participants were estimated. Each participant contributed two
observations per session, one pre- and one post-session measurement, with timepoint (pre vs.
post) as a fixed effect, treating repeated measurements as nested within sessions and sessions
nested within participants. Session was subsequently added as a predictor to examine whether
the magnitude of pre-to-post change differed across the four HAT sessions.

For acute perceived stress (n = 31), the base model (with timepoint only) showed a
significant reduction from pre- to post-session, b = 1.58, #130.86) = 5.20, p < .001, indicating
lower stress ratings following the HAT sessions. Adding session as an additional predictor did
not significantly improved model fit, y°(1) = 3.01, p = .083, and the timepoint x session also
did not improve fit, y°(1) = 0.01, p = .930. These findings indicate that perceived stress
decreased consistently from pre- to post-session across all HAT sessions, with no evidence for
systematic variation in this effect across sessions.

Similarly, for symptom severity (n = 29), the base model revealed a significant pre-to-
post reduction, b = 1.45, #86.62) = 4.04, p < .001. Including session as an additional predictor
did not result in improved model fit, }*(1) = 0.22, p = .640, nor did the timepoint x session
interaction, y°(1) = 2.79, p = .096. Together, these findings suggest that symptom severity
decreased reliably following each HAT session, with no evidence that the magnitude of
reduction differed systematically across sessions.

Figure 5. Stress and symptom severity across HAT sessions.
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Note. Mean perceived stress and symptom severity ratings before (Pre) and after (Post) each
horse-assisted therapy (HAT) session. Points represent observed means across participants, and
error bars indicate +1 standard error. Perceived stress was assessed before and after each of the
four sessions; symptom severity was assessed before and after sessions 1 and 4 only. Across
all measured sessions, both perceived stress and symptom severity were lower following the
HAT sessions compared to pre-session ratings.

Discussion
The present study investigated physiological synchrony in HRV between patients and therapy
horses as a potential mechanism underlying HAT. The findings provide a nuanced picture of
how cross-species physiological coupling emerges over time and is shaped by contextual and
individual factors.
A central finding of this study is that HRV synchrony was not uniform across the HAT session
but varied systematically across therapy elements, indicating a strong context dependency of

cross-species physiological coupling. Synchrony increased significantly when participants
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began riding, suggesting that participation in coordinated, movement-based interaction can
facilitate physiological alignment between human and horse. Riding leads to a shared
rhythmic structure and continuous sensorimotor coupling, processes known to facilitate
interpersonal coordination and physiological alignment 26763, This finding underscores the
importance of active participation and embodied interaction for the emergence of synchrony.
In contrast, a distinctly different pattern was observed during the lying position,
characterized by minimal movement and close physical contact. Here, synchrony exhibited a
clear frequency-specific modulation with increased coupling in the higher-frequency bands
compared to the lower-frequency bands. Since higher-frequency HRV components are
typically associated with parasympathetic and vagal activity and lower-frequency components
reflect more complex sympathetic, parasympathetic and baroreflex-related processes 37384264
this pattern suggests that synchrony may be underpinned by different autonomic processes
depending on the interaction context. Importantly, synchrony did not increase uniformly
across all frequency bands during this phase. The absence of parallel increases in the low-
frequency components suggests that synchrony cannot be interpreted as general co-activation
or a shared arousal response. Instead, the results point to differentiated physiological
processes, whereby passive, low-demand interaction contexts may favor forms of
physiological attunement that differ from those observed during active coordination. The
selective increase in high-frequency synchrony during the lying position may specifically
reflect shared parasympathetic activation, a process linked in individual physiology to
emotion regulation, feelings of safety, and social-emotional processing %, This suggests that
the activation demands of a given therapy element may shape which autonomic frequency
components become entrained between human and horse, with passive, low-demand
interactions preferentially engaging parasympathetically mediated attunement. Thus, these
passive interaction contexts involving touch, stillness and bodily proximity may facilitate

forms of physiological attunement associated with safety and co-regulation 24636,
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Taken together, these results suggest that synchrony in horse-assisted therapy can arise
through multiple pathways. While active phases such as riding appear to promote synchrony
through shared movement and rhythmic coordination, passive phases involving stillness and
physical contact may support a different form of physiological attunement. This dual pattern
underscores the importance of considering both interaction dynamics and the specificity of the
autonomic nervous system when interpreting cross-species synchrony.

In line with Hypothesis 1, HRV synchrony increased significantly across the four
therapy sessions. Both categorical and linear models showed a clear upward trend, suggesting
that the physiological synchrony between participants and therapy horses is strengthened
through repeated interactions. This pattern is consistent with the notion that synchrony reflects
a dynamic process that develops through familiarity, trust, and repeated shared experiences
265

Regarding Hypothesis 2, the comparison with the control group revealed a more
complex pattern. While patients did not differ significantly from healthy controls in their first
session, synchrony in the fourth session exceeded that of the control group. Although the
predefined statistical criterion was met, the conceptual assumption of convergence toward a
“normative” level of synchrony was thus not confirmed. Instead, over time, the patients
developed a stronger physiological coupling with the therapy horse than the control
participants. One possible interpretation is that individuals with a greater need for regulation
engage more deeply in cross-species synchronization processes once a stable interactive
context is established 2. Rather than reflecting normalization, the increased synchrony could
indicate an adaptive, context-specific integration into the relationship with the therapeutic
partner. However, this interpretation should be treated with caution, as the comparison is
inherently limited by the asymmetry between groups, whereas patients interacted with the
therapy horse across four sessions, control participants attended only one. The elevated

synchrony observed in session 4 may therefore partly reflect familiarization and habituation
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effects from repeated exposure, rather than a specific therapeutic process. Notably, each
participant interacted with the same horse and therapist across all four sessions, suggesting
that the observed increase in synchrony may reflect the development of a specific dyadic
relationship rather than a general familiarity with HAT.

This interpretation is supported by findings from **which demonstrated that
individuals with early life adversity show reduced synchrony in human—human interactions,
but not in human—horse interactions. Importantly, this suggests that impairments in synchrony
may be specific to interpersonal contexts involving social evaluation, cognitive demands, or
attachment-related expectations, whereas cross-species interactions may rely more strongly on
implicit, embodied, and nonverbal regulatory processes 226768 In this framework, the
absence of reduced synchrony in human—horse dyads, and the increase observed in the present
study, can be understood as reflecting a preserved or even preferentially accessible pathway
for physiological attunement. The therapy horse may also serve as an emotional anchor,
providing a non-threatening, non-judgmental partner that supports regulation.

Contrary to initial expectations, neither symptom severity nor perceived stress showed
a robust general association with HRV synchrony. However, both predictors significantly
improved model fit when their interactions with therapy elements (and, in some cases, with
frequency bands) were taken into account. These interaction effects exhibited a context-
dependent pattern as higher symptom severity and higher stress were associated with reduced
synchrony during active phases of the intervention, such as riding and trotting. In contrast,
these negative associations were not observed during calm phases, such as lying. This
suggests that increased psychological stress does not uniformly impair synchrony, but may
specifically disrupt physiological coordination under conditions that require heightened
cognitive, emotional, or motor engagement, consistent with theories linking chronic stress and

psychopathology to altered autonomic flexibility and reduced regulatory capacity 264,
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Conversely, less demanding contexts can provide a regulating environment in which
synchrony can emerge even in highly stressed individuals.

Several limitations should be considered when interpreting the findings of this study.
The study was strictly limited to physically healthy women and female patients between the
age of 18-45. Consequently, the observed patterns of human-horse HRV synchronization
cannot be automatically generalized to men, children, adolescents or older populations.
Furthermore, our patient group included individuals with a highly heterogenous range of
psychiatric diagnoses, such as depression, PTSD, borderline personality and anxiety disorder,
often accompanied by varying comorbidities. While the diagnostic diversity reflects clinical
reality, it limits the ability to determine whether the physiological synchronization process is
distinctly influenced by specific psychiatric conditions. Additionally, psychiatric diagnoses
were based on participant self-reporting during our screening, as participants indicated
whether they were currently in psychotherapeutic treatment and their respective diagnosis. No
formal clinical diagnostic assessment was conducted, which may have introduced diagnostic
inaccuracies. Furthermore, the analyses of symptom severity and perceived stress as
predictors of HRV synchrony were restricted to the patient group, as these variables are not
clinically meaningful in healthy controls. Future studies including clinical comparison groups
could examine whether these associations are specific to individuals with psychiatric
diagnoses. Importantly, the control group participated in only one HAT session, limiting the
comparability with patient group session 4. Future studies should include a multi-session
control group to disentangle familiarization effects from session-specific therapeutic
processes.

Also, collecting continuous HRV data from moving animals in a naturalistic therapy
setting proved technically demanding and resulted in increased susceptibility to motion
artifacts and signal loss, which are common challenges in ambulatory HRV research 3770,

This significant data loss led to the exclusion of several participants due to incomplete HRV
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recordings, and this reduced sample size thus may have limited the statistical power of the
models, which could partly explain why the global main effects for perceived stress and
symptom severity narrowly missed conventional significance levels across the entire session.
At the same time, this naturalistic design reflects the conditions of real-world HAT practice,
which can be considered a methodological strength.

Complementing the physiological findings, analyses of the pre- and post-
measurements showed a significant reduction in both perceived stress and symptom severity
following the intervention. Notably, the magnitude of these within-session reductions did not
increase systematically across the four sessions, suggesting that HAT may provide consistent
immediate relief rather than cumulative psychological improvement within a short
intervention window. Whether long HAT programs produce accumulating benefits remains an
open question for future research. Although causal conclusions are limited by the naturalistic
study design, these results are consistent with previous evidence that HAT can bring about
psychological improvement in addition to measurable changes in physiological interaction
patterns %719,

Overall, the present findings suggest that physiological synchrony in horse-assisted
therapy is a dynamic, context-sensitive process rather than a stable individual characteristic.
Synchrony increased across repeated sessions, varied systematically across interaction context
and frequency bands, and was differentially influenced by individual characteristics such as
stress and symptom burden. Importantly, the results indicate that low-demand interaction
phases involving stillness, bodily proximity, and physical anchoring may provide particularly
favorable conditions for physiological attunement, consistent with theoretical models
emphasizing embodied co-regulation and autonomic safety 6%, Notably, patients not only
matched but ultimately exceeded control levels of synchrony by the fourth session, suggesting
a particular affinity for physiological coupling with horses. This raises the possibility that

HAT may offer patients an alternative pathway to experience physiological co-regulation, one
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that may be less accessible in human-human interactions, where psychiatric symptoms can
interfere with synchronization processes.

More broadly, the results support the view that cross-species physiological synchrony
may represent a relevant mechanism underlying animal-assisted intervention. At the same
time, the findings emphasize that synchrony should not be conceptualized as a unitary
phenomenon, but rather as a dynamic process emerging from the interaction between
autonomic regulation, contextual demands, and embodied social engagement >°. By
integrating temporal and frequency-specific analyses of HRV synchrony, the present study
contributes to a more differentiated understanding of how physiological co-regulation may
unfold in human-animal therapeutic contexts.

Methods

Note that data from the same project has been previously reported in >2, which examined
the influence the relationship between early life adversity and physiological synchrony within
the therapeutic triad (participant, horse, and riding therapist), using the same sample and data
collection procedure.

The data collection relevant to this work included three periods, each covering summer
months from April to September of 2019-2021. Both participants and experimenters wore face
masks during data collection in the summer of 2021 in adherence to COVID-19 guidelines. All
performed procedures followed regulations set forth by the Declaration of Helsinki and were
approved by the institutional review board of the University of Konstanz (IRB statement
12/2017). We preregistered our study and analyses plans at the Open-Science Framework (7!;
https://doi.org/10.17605/OSF.IO/TZCYQ).

Deviations from preregistration

Several aspects of the present analysis deviate from the preregistered plan. First,

whereas the preregistration specified wavelet coherence as the primary synchronization metrics,

we instead used CWP to quantify HRV synchrony. Unlike coherence, which normalizes for
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signal amplitude and captures phase consistency, CWP retains information about the absolute
magnitude of shared spectral power, which we considered more informative for capturing the
strength and not just the consistency of physiological coupling.

Second, the preregistration specified 10-second intervals nested within one-minute
segments as the unit of temporal resolution. The present analyses instead used 30-second
intervals, chosen to align with the practical durations of the therapy elements.

Third, the final analytic sample (N = 60) is smaller than the sample already reported as
complete-case in the preregistration (N = 81). This additional reduction reflects the stricter
continuity requirement of the CWP approach. Because it requires temporally continuous HRV
signals from both members of a dyad, any gap exceeding one minute in either partner’s
recording led to exclusion of the entire dyad, resulting in further data loss beyond what had
been anticipated at the time of preregistration.

Sample

Control group participants were recruited via flyers in the university and experiment
group participants were recruited in psychiatric institutions in and around the city of Konstanz,
Germany.

A total of 92 participants took part in the study. Due to exclusion criteria, only physically
healthy women with a maximum weight of 80 kg, aged between 18 and 45 years, who did not
take drugs and did not consume more than five cigarettes per day, were allowed to participate.
The weight limit was imposed for the safety and welfare of the therapy horses; the average
range was chosen to minimize age-related variation in HRV; and restrictions on substance use
were applied because smoking and drug use are known to substantially alter autonomic nervous
system functioning and HRV 3772,

Of the total sample, a substantial portion had to be excluded from the final analytic
sample due to incomplete HRV data. Because the CWP approach requires temporally

continuous HRYV signals from both members of a dyad, any gap exceeding one minute in either
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the participant’s or the horse’s ECG recording during a session led to the exclusion of the entire
dyad from analysis. Data loss occurred particularly often in the horse’s ECG signals, which
were prone to motion artifacts and poor electrode contact caused by the horses’ coat and
movement during grooming and riding. As a result, the final analytic sample included 60
women aged 18 to 45 years (M =26.49, SD =7.06). Participants’ body mass index (BMI) ranged
from 14.20 to 32.90 kg/m? (M =22.18, SD = 3.03).

The analytic sample consisted of a healthy control group (CG) and a patient group (PG).
The CG comprised 28 mentally and physically healthy women aged between 18 and 27 years
(M = 22.50, SD = 2.52). The patient group consisted of 32 women currently undergoing
psychotherapeutic treatment, aged between 19 and 45 years (M = 29.88, SD = 7.89). A
comparison of demographic and clinical characteristics across groups is provided in
Supplementary Table 1.

Participants in the patient group presented with a variety of psychiatric diagnoses. For
descriptive purposes, diagnoses were grouped into three broader categories. The most frequent
diagnoses were affective disorders (n = 20), primarily depressive disorders, followed by trauma-
and anxiety-related disorders (n = 8), including PTSD and social anxiety. Additional diagnoses
included somatoform and personality disorders (n = 4).

Questionnaires, therapy horses and material

In the presurvey, participants completed an online screening questionnaire
encompassing inquiries about age, weight, gender, and both mental and physical health. ELA
was evaluated using both the Childhood Trauma Questionnaire (CTQ’®) and the Parental
Bonding Instrument (PBI, 7#7). In line with the preregistered plan, the relationship between
ELA and HRV synchronization was examined separately in Wienhold et al. (2025), using the
same sample and data collection procedure, thus ELA is not analyzed as a separate predictor in

the present study.
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Eligible participants were subsequently scheduled for the therapy sessions based on
availability. Before the actual riding therapy elements, all participants provided informed
consent and completed several questionnaires. Acute stress levels were assessed usinga 0 - 10
visual analog scale. Chronic stress levels were evaluated for the patient group in the second
session through the Perceived Stress Scale (PSS’), as the first session was used to establish
baseline physiological data and familiarize participants with the procedure. This widely used
measure captures the degree to which situations in one’s life are perceived as stressful over the
past month. All participants in the patient group completed the Shutdown Dissociation Scale
(Shut-D, "7 questionnaire before the third HAT session to systematically evaluate dissociative
responses and gain insights into trauma-related symptomatology ’®. Participants in the patient
group also rated the perceived severity of their symptoms, and the extent to which their personal
and professional lives were affected on a 0 - 10 VAS at both the first and last sessions. Following
each therapy session, participants provided detailed feedback on their overall experiences and
the quality of their interactions during the riding therapy session via open-ended written
questions.

Horse-assisted therapy sessions involved four well-trained therapy horses, which are
well-versed in therapy work and exhibit variations in both internal temperament and external
characteristics, such as size, breed, and age. Specifically, the equine team included an 8-year-
old Connemara and a 13-year-old Fjord gelding (named Forest and Karlson), an 18-year-old
Fjord, and a 19-year-old Criollo mare (named Jill and Bonita).

During the therapy session, we utilized specialized equipment to ensure safety and
comfort of both participants and horses. This included a therapy halter, a lead rope, a therapy
pad, and a belt equipped with handholds. Additionally, participants were provided with brushes

and helmets.
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Heart rates of the participant, riding therapist, and therapy horse were tracked using
Polar chest straps equipped with H10 sensors 7°, which were connected via Bluetooth to iPhones
and iPads. The HRV Logger App 3° was installed on all three devices for data collection.
Study design

On the day of testing, sessions were scheduled at either 8:45 a.m. or 10:30 a.m. and
lasted 60 minutes, in order to minimize diurnal variation in HRV *’. Control group participants
underwent one standardized HAT session (encompassing contact, grooming, riding, lying, and
farewell elements; described in detail below), while the patient group participated in four
sessions following the same protocol. The single session for the control group served as a
normative reference point, while the four sessions for the patient group were designed to
approximate the structure of a short-term therapeutic intervention and to capture the
development of synchronization across repeated human-horse interactions. Session numbers
across HAT programs vary considerably depending on protocol and population, ranging from
as few as three to more than twenty sessions, with most falling within a range of four to eight
sessions ®!; four sessions were therefore considered sufficient to capture early synchronization
dynamics within the constraints of a research design. Each participant was assigned to the same
therapy horse and riding therapist across all four sessions to ensure consistency of the dyadic
interactions. The four sessions were scheduled at varying intervals, depending on participant
availability and organizational constraints, with intervals ranging from a minimum of one day
to a maximum of four weeks, and averaging approximately one week.

Initially, participants were briefed on the study’s objectives and potential risks.
Participants then proceeded to complete questionnaires, for about ten minutes. Following this,
there was a five-minute contact session with the horse, during which participants interacted
with and petted the horse. The riding therapist then guided the participant in grooming the horse
for five minutes. The horse was then fitted with a therapy pad and riding belt and led to the

riding arena for a fifteen-minute riding session, including two short trotting sequences.
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Following the riding session, the horse was brought to a halt in the middle of the riding arena,
and the participant was instructed to lie prone on the horse’s back for five minutes. Subsequently,
the horse was returned to the therapy box, and the participant was allowed to say goodbye to
the horse before engaging in a questionnaire session lasting an additional ten minutes. Finally,
the HRV chest strap was removed, and participants received €15 as compensation. The
experimental procedure is also visualized in Figure 1.

Figure 1. Experimental procedure.

baseline contact grooming riding lying farewell baseline
(including trotting)

10 minutes 5 minutes 5 minutes 15 minutes 5 minutes 5 minutes 10 minutes

\

}

|

HRV measurement

Analysis of HRV (synchronization)

Data cleaning

Data processing. The heart rate data was processed using the statistics program R 8 in RStudio
83 and included searching for and correction of artifacts and interpolating missing values. Since
HRYV data from horses present with more artefacts than present in recordings from humans,
artifacts were identified by running cluster analyses over the entire dataset first, followed by
visual inspections to identify the artefact cluster. This cluster was then removed, and missing
values were subsequently interpolated . The resulting dataset was then entered into the normal
processing pipeline for HRV synchrony analysis, including artifact detection and correction of
implausible outliers using a criterion based on the relative deviation of each R-R interval from
the respective preceding interval, with a threshold starting at +20% and increased in 5% steps
(up to a maximum of +50%) whenever more than 10% of the total data set was flagged for

correction at the current threshold. If the gap of missing data did not exceed 10 seconds, missing
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data were interpolated from surrounding R-R intervals; otherwise, the recordings were excluded
from analysis. R packages used for analyses included RHRV 3¢, parsedate ®°, haven 3¢, foreign
87 WaveletComp *¢, dplyr ¥, and lubridate °.

The entire measurement session was divided into different units according to the therapy
elements: questionnaire period before the session (Basel), contact (C), grooming (G), riding
(R), first trotting sequence (T1), the continued riding phase directly following the first trot
(T1E), second trotting sequence (T2), the continuing riding phase directly following the second
trot (T2E), lying (L) and farewell (F), and questionnaire period after the session (Base2). During
the baseline phases (Basel and Base2), participant and horse were physically separated; HRV
was recorded simultaneously in both but without direct interaction, providing a reference
measure of non-interactive physiological co-variation.

Cross-Wavelet Power Analysis

Cross-Wavelet power is a statistical technique utilized in signal analysis to assess the
strength of the association between two time-varying signals across different frequencies and
time intervals ¥°!. In contrast to wavelet coherence, which provides a normalized measure of
phase consistency, CWP reflects the absolute shared power between two signals across time
and frequency, thereby capturing the strength of physiological coupling directly. By quantifying
the magnitude of the signals’ co-variance in the time-frequency domain, cross-wavelet power
enables researchers to identify regions of significant signal power and detect patterns of
interaction that may vary in intensity or frequency over time 39293,

The HAT protocol specified maximum durations for each therapy element (C: 5 min, G:
5 min, R: 7 min, L: 5 min, F: 2 min). Heart rate data were divided into 30-second intervals,
which served as the unit of analysis nested within therapy elements. As actual element durations
varied slightly across participants, the number of intervals per element was not identical across
observations; this imbalance was accommodated by the repeated measures multilevel

modelling approach.
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After data preprocessing, the wavelet analyses were conducted using the RHRV package
8 and included data interpolation, frequency analysis, and power band calculations.
Subsequently, the cross-wavelet power analyses were conducted with the aid of the
WaveletComp package %,

In contrast to standard HRV analytical approaches, cross-wavelet power analysis results
are derived from a continuous wavelet transform and allow for very high frequency and
temporal resolution, limited only be the constraints of the Heisenberg uncertainty principle **.
To strike a good balance between temporal and frequency resolution, we categorized frequency
into four period-based bands spanning oscillations from 2 to 24 s. In relation to the commonly
known high and low frequency bands derived from Fourier transform analysis, we labeled them
upper high frequency (UHF, 2-4s), lower high frequency (LHF, 4-8s), upper low frequency
(ULF, 8-18s) and lower low frequency (LLF, 16-24s). Likewise, even though temporal
resolution could go down to one second given that we have time series with a one-second
resolution, we calculated and extracted 30-second intervals of CWP data.

Statistical Analysis

To account for our hierarchical data structure, with 30-second intervals nested within
therapy segments, therapy segments nested within HAT sessions, HAT sessions nested in dyads
and dyads nested in groups, a specialized multilevel model approach with repeated
measurements (RM-MLMs) was employed. All statistical analyses were carried out as well
using the R statistics program % along with the nlme > and the Ime4 packages °*°’. The choice
of maximum likelihood estimation, known for its robustness and unbiased estimates in large
samples, was chosen to ensure accuracy in the presence of nested data. For inferential statistical
testing of our hypotheses, various RM-MLMs were established and compared using likelihood-

ratio tests. Analyses of variance (ANOVAs) were conducted, with a predetermined a of 5%, to

determine which model better fitted the data. To account for the temporal dependency between
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successive 30-second intervals, a first-order autoregressive correlation structure [AR(1)] was
included in all models.

This multilevel modelling approach offers several advantages over traditional repeated-
measures ANOVA, including the ability to handle unbalanced data structures, account for the
nested structure of observations within participants, and model individual differences in
synchronization trajectories *%.

Assumption checks. We performed a series of diagnostic tests to evaluate the underlying
assumptions of the statistical analyses. These assessments included examining the normality of
residuals using QQ plots, evaluating the independence of residuals through scatterplots, and
assessing homoscedasticity via residual plots *°. Furthermore, potential outliers were examined,
and the absence of multicollinearity was confirmed by studying correlations between predictors
190 These checks ensure the robustness and validity of the analyses. Given the robustness of
ANOVAs and RM-MLMs to deviations from normality, exceptions where a strict adherence to
normal distribution assumptions was not met were still considered in the statistical analysis
101,102
Data and code availability

The data reported in this paper have been deposited at OSF and are publicly available
at https://doi.org/10.17605/OSF.I0/YFWZT.

All original analysis code has been deposited at OSF and is publicly available at
https://doi.org/10.17605/OSF.I0/C2XGN.

Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
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