
Received: 30 May 2024 - Accepted: 14 July 2024

DOI: 10.1002/mpr.2034

LONG D I DAC T I C PA P E R

Network analysis: An overview for mental health research

Giovanni Briganti1 | Marco Scutari2 | Sacha Epskamp3 | Denny Borsboom4 |

Ria H. A. Hoekstra4 | Hudson Fernandes Golino5 | Alexander P. Christensen6 |

Yannick Morvan7 | Omid V. Ebrahimi8 | Giulio Costantini9 |

Alexandre Heeren10 | Jill de Ron4 | Laura F. Bringmann11 |

Karoline Huth4 | Jonas M. B. Haslbeck12 | Adela‐Maria Isvoranu3 |

Maarten Marsman4 | Tessa Blanken4 | Allison Gilbert1 | Teague Rhine Henry5 |

Eiko I. Fried13 | Richard J. McNally14

1University of Mons, Mons, Belgium

2Istituto Dalle Molle di Studi sull’Intelligenza Artificiale, Lugano, Switzerland

3National University of Singapore, Singapore, Singapore

4University of Amsterdam, Amsterdam, Netherlands

5University of Virginia, Charlottesville, Virginia, USA

6Vanderbilt University, Nashville, Tennessee, USA

7Université Paris Nanterre, Nanterre, France

8University of Oxford, Oxford, UK

9University of Milan‐Bicocca, Milano, Italy

10Université Catholique de Louvain, Louvain‐la‐Neuve, Belgium

11University of Groningen, Groningen, Netherlands

12University of Maastricht, Maastricht, Netherlands

13Leiden University, Leiden, Netherlands

14Harvard University, Cambridge, Massachusetts, USA

Correspondence

Giovanni Briganti, Faculty of Medicine,

Department of Computational Medicine and

Neuropsychiatry, University of Mons, Avenue

du Champ de Mars 6, Mons 7000, Belgium.

Email: giovanni.briganti@hotmail.com

Abstract

Network approaches to psychopathology have become increasingly common in

mental health research, with many theoretical and methodological developments

quickly gaining traction. This article illustrates contemporary practices in applying

network analytical tools, bridging the gap between network concepts and their

empirical applications. We explain how we can use graphs to construct networks

representing complex associations among observable psychological variables. We

then discuss key network models, including dynamic networks, time‐varying net-

works, network models derived from panel data, network intervention analysis,

latent networks, and moderated models. In addition, we discuss Bayesian networks

and their role in causal inference with a focus on cross‐sectional data. After
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presenting the different methods, we discuss how network models and psychopa-

thology theories can meaningfully inform each other. We conclude with a discussion

that summarizes the insights each technique can provide in mental health research.

K E YWORD S

network analysis, network modeling, network psychometrics, network psychopathology

1 | INTRODUCTION

The contemporary landscape of mental health research increasingly

recognizes the intricate complexity of mental disorders as bio-

psychosocial systems (Davies & Roache, 2017). This recognition re-

flects a significant shift from traditional models, acknowledging that

mental health issues cannot be fully understood through isolated

symptoms or singular causal pathways; instead, they are products of

complex interactions among biological, psychological, and social fac-

tors (Freedman, 1995; Fried, 2022). This systems perspective un-

derscores the dynamic nature of mental health, where each

component influences and is influenced by others in a constantly

evolving network (Borsboom, 2017a).

Network approaches have highlighted a critical gap in traditional

methods in clinical research. Historically, clinical approaches have

often considered mental health through a more reductionist lens,

which has its merits in some contexts but tends to oversimplify the

multifaceted and interconnected nature of mental disorders (Kendler

et al., 2011). The need for methodologies that can holistically address

the complexity of these systems has become increasingly apparent,

driving innovation and paradigmatic shifts in mental health research

(Borsboom, Deserno, et al., 2021).

Network models have emerged as a fitting response to this need,

offering a methodological framework that naturally accommodates

the complexity of mental health disorders (Borsboom, 2017b; Ebra-

himi, 2023; Fried et al., 2017). Network models not only serve as

descriptive tools but also stand on their own as valuable tools for

hypothesis generation. The ability to generate hypotheses about

influential pathways within the network opens up new avenues for

understanding how changes in one aspect of the system might ripple

through and impact the overall mental health of an individual

(Borsboom & Cramer, 2013; McNally, 2016). This has led to a

growing interest in network psychometrics, which aims to model

correlational patterns in psychological phenomena—such as symp-

toms, traits, affects, behaviors, cognitions, desires, abilities, and

environments—in terms of interactions among their basic constitu-

ents (Borsboom, Deserno, et al., 2021). Over the last few decades,

several psychological phenomena, including intelligence (Van Der

Maas et al., 2006), personality (Cramer et al., 2012), psychopathology

(Borsboom & Cramer, 2013), and attitudes (Dalege et al., 2016), have

been reconceptualized as networks. This shift has necessitated the

development of innovative methodologies to explore their properties

under this new lens, further advancing our understanding of mental

health in its full complexity.

The evolution of statistical methods in network psychometrics

has significantly enriched the psychometrician's toolbox, providing a

diverse array of tools that can be used in many scenarios. A few

examples of such tools include network models for cross‐sectional
(Briganti et al., 2023; Epskamp, Waldorp, et al., 2018; Marsman &

Haslbeck, 2023; Van Borkulo et al., 2014) and panel data

(Epskamp, 2020), community detection and dimensionality reduction

tools (Christensen et al., 2023; Golino & Epskamp, 2017), and infer-

ence measures (Huth, de Ron, et al., 2023; Jones, Ma, &

McNally, 2021; Williams & Mulder, 2020).

In this article, we offer a comprehensive overview of the current

landscape of network analysis in mental health research, bridging

theoretical network constructs and their empirical applications in the

field. First, we briefly introduce the most commonly used framework:

undirected network estimation in cross‐sectional data using fre-

quentist estimation techniques. We elected to keep the introduction

on these methods brief as other introductory texts already discuss

these methods in detail (e.g., Borsboom, Deserno, et al., 2021;

Epskamp & Fried, 2018; Isvoranu et al., 2022). Following this intro-

duction, we elaborate on new lines of research that are currently

growing prominently in the field of network analysis in mental health

research: psychometric network modeling, Bayesian estimation

techniques, causal inference, and longitudinal data analysis. Finally,

we discuss how network models can effectively enhance the

description, prediction, comprehension, and treatment of mental

health disorders, thereby enriching the field of psychopathology with

nuanced insights and methods.

2 | THE ELEMENTS OF A NETWORK

A network consists of a set of nodes and a set of edges connecting

the nodes. In a statistical network model, such as the types we

discuss below, nodes represent variables, and edges represent sta-

tistical relationships between these variables, such as log‐linear re-

lationships, (partial) correlation coefficients or regression coefficients

(Borsboom, van der Maas, et al., 2021; Burger, Isvoranu, et al., 2022).

Network science typically starts by observing nodes and edges rep-

resenting a system (e.g., social connections, the Internet, the World

Wide Web, or transportation networks, to name a few examples) and

then focuses on examining their properties. Psychometric networks,

however, involve an additional challenge: they cannot be simply

observed but must be inferred from the available data (Bringmann

et al., 2019; Epskamp, Borsboom, & Fried, 2018). Nodes can define
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variables at different levels of abstraction, such as symptoms versus

disorders and personality facets versus traits. The most informative

abstraction level depends on the research question at hand. Different

abstraction levels can also provide different perspectives on the

same psychological phenomenon (Costantini & Perugini, 2012).

Edges can be undirected or directed, indicating symmetrical re-

lationships among nodes or asymmetrical relationships. Edges can be

weighted, but typically, special attention is also placed on whether or

not edge weights are exactly equal to 0 (indicating that an edge is not

included in the network). Several methods have been developed for

estimating the network structure (including edges) and the edge

weights (parameters associated with edges), with different ap-

proaches offering different perspectives on specific types of data

(Borsboom, van der Maas, et al., 2021; Briganti et al., 2023; Cos-

tantini et al., 2015; Epskamp, Waldorp, et al., 2018; Isvoranu

et al., 2022).

Most of the methods described here belong to two broad fam-

ilies: Pairwise Markov Random Fields (PMRFs) and Directed Acyclic

Graphs (DAGs) (Ryan et al., 2022). Both represent relationships be-

tween variables but differ in their underlying structure, the types of

relationships they can capture, and the assumptions they impose on

the data. In PMRFs, (the absence of) undirected edges are used to

represent conditional (in)dependencies between pairs of variables

and are modeled using local conditional probability distributions. The

presence of an edge indicates that two nodes are conditionally

dependent given the others, whereas its absence indicates that they

are conditionally independent. In DAGs, directed edges can also

represent causal relationships between variables, with each edge

pointing from a cause (or parent node) to an effect (or child node).

DAGs are acyclic, meaning they contain no loops or cycles.

A DAG is a network that indicates causal relationships, and it is

not necessarily tied to a statistical representation. Different statis-

tical representations that utilize a DAG structure can be used, and

the exact parameters of such a statistical DAG depend on the sta-

tistical representation chosen. The most famous statistical repre-

sentation of a DAG is the Structural Equation Model (SEM), which

can be used in the case data are Gaussian and in which the param-

eters equate to linear regression coefficients (Pearl, 1998). A

parameter of zero indicates no causal effect. The larger structure of

the DAG imposes several constraints on conditional independence

relationships. For example, the DAG A → B → C indicates that A and C

are conditionally independent given B. Note: this DAG is equivalent

to the DAGs A ← B → C and A ← B ← C.

A PMRF uses an undirected network instead to encode condi-

tional independence relationships. Continuing the example, the

PMRF A — B — C also indicates that A and C are conditionally in-

dependent given B, but has no equivalent models (without intro-

ducing latent variables). The parameterization of the edges depends

on the distribution of the variables, but usually takes the form of

partial correlation coefficients (for Gaussian data) or (log)‐linear
regression coefficients (possibly standardized or averaged) for other

types of data. Epskamp, Haslbeck, et al. (2022) discuss several ways

in which the parameters of a PMRF can be interpreted, ranging from

descriptive (modeling pairwise interactions in a sparse manner) to

predictive (showing which variables would predict each other in

multiple regression models) and causal (hypothesis generating due to

a close connection with causal models such as DAGs, but a PMRF can

also be a causal model by itself, such as the Ising model).

While PMRFs can capture statistical associations between vari-

ables and are closely related to DAGs (Epskamp, Waldorp,

et al., 2018), they do not explicitly model causal relationships:

inference about causal effects requires additional assumptions or

interventions beyond the statistical associations represented by the

model. Conversely, DAGs are designed specifically for causal

modeling and inference but cannot capture mutual causation or

causal loops that may characterize some psychological phenomena

without being reformulated as temporal networks (Briganti

et al., 2023; Epskamp, Waldorp, et al., 2018; Haslbeck et al., 2022).

PMRFs are uniquely identified (no equivalent models) and easily

parameterized (allowing for weighted networks), whereas a DAG may

have many equivalent models and may be harder to parameterize.

PRMFs also rely on fewer assumptions than DAGs. DAGs, on the

other hand, allow for stronger causal interpretations. Below, we

discuss PMRFs and DAGs separately in more detail.

3 | PAIRWISE MARKOV RANDOM FIELDS

3.1 | The GGM, the Ising model, and the MGM

Different models can be used to define PMRFs for different types of

cross‐sectional data (Epskamp, Haslbeck, et al., 2022). When data are

Gaussian, the most appropriate model to use is the Gaussian graphical

model (GGM; Epskamp, Waldorp, et al., 2018; Lauritzen, 1996), which,

like commonly used models in factor analysis, is a model for the

variance‐covariance structure of the data (Epskamp, Rhemtulla, &

Borsboom, 2017):

varðxÞ ¼ ΔðI − ΩÞ−1Δ:

Here, x represents a set of random Gaussian responses (e.g., ques-

tionnaire responses of a random person), Δ represents a diagonal

scaling matrix that controls the variance of each variable, I represents

an identity matrix, and Ω represents a matrix of partial correlation

coefficients typically visualized and analyzed as a network structure.

When data are binary, the most appropriate model to use is termed

the Ising model (Marsman & Haslbeck, 2023; Van Borkulo

et al., 2014), which models the probability of obtaining a particular

set of responses:

PrðxÞ ¼
1
Z
exp

 
X

i

τixi þ
X

<i;j>
ωijxixj

!

:

Here, Z represents a normalizing constant, τi a threshold parameter

(intercept), and ωij a log‐linear relationship that quantifies the asso-

ciation between variables i and j after controlling for all other
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variables in the model. Again, a matrix Ω can be formed using the

individual ωij elements, typically visualized and analyzed as a network

structure. For data that contains a mixture of categorical (e.g., bi-

nary), continuous and count variables, the most appropriate model to

use is the Mixed Graphical Model (MGM; Haslbeck & Wal-

dorp, 2020), which we do not detail here.

3.2 | Estimating PMRFs

Several estimation methods have been proposed and evaluated to

estimate the parameters (especially the network parameters encoded

in the Ω matrices) models in psychological data (Blanken et al., 2022;

Huth, de Ron, et al., 2023; Isvoranu & Epskamp, 2022; Marsman &

Haslbeck, 2023). The most commonly used estimation methods rely

on frequentist estimates, meaning that they aim to find parameters

that maximize the (pseudo/penalized) likelihood function. In

maximum likelihood estimation, the parameters are chosen as the set

of parameters under which the data was the most likely. Analytic

standard errors can usually be obtained and used to threshold non‐
significant edges or to perform more complicated model search al-

gorithms (Blanken et al., 2022). In the case of the Ising model and the

MGM, however, joint maximum likelihood estimation is usually not

feasible due to the need to estimate the normalizing constant Z

(which is a sum over all possible outcomes). To this end, routines that

aim to estimate the Ising model or MGM models usually rely on the

pseudolikelihood instead (Keetelaar et al., 2024). Pseudolikelihood

estimators split the problem by estimating first a multiple (logistic)

regression model per variable and subsequently combining the esti-

mated regression parameters into a single matrix used to draw a

network. Finally, many researchers make use of “LASSO regulariza-

tion” which uses shrinkage to estimate network parameters that

perform better in predicting new responses and follow a sparse

structure (Epskamp & Fried, 2018; Tibshirani, 1996). The use of

LASSO regularization, however, is not uncontroversial, and it de-

pends on the dataset and research question if its use is warranted

(Blanken et al., 2022; Isvoranu & Epskamp, 2022; Williams &

Rast, 2020).

3.3 | Analyzing a network structure

Once nodes are defined and network edges are estimated, further

insights about network properties can be obtained. Some local

indices describe the properties of individual nodes. Centrality indices,

originally developed to determine the importance of individuals in

social networks, have been adapted and extended to psychometric

networks (Briganti et al., 2018; Costantini et al., 2015; Robinaugh

et al., 2016). However, they are difficult to interpret when applied to

networks involving random variables as nodes (Bringmann

et al., 2019). Other local indices have been developed specifically to

represent node‐level properties in psychometric networks. For

example, predictability quantifies the amount of variance that a node

shares with the rest of the network (Haslbeck & Waldorp, 2018).

Global metrics that summarize structures as a whole, such as density,

transitivity, and small‐worldness, have also been proposed (Cos-

tantini et al., 2015). Finally, community‐detection algorithms can be

applied to identify groups of densely connected nodes (For-

tunato, 2010), and bridge‐centrality metrics can determine the cen-

trality of nodes acting as bridges between different communities

(Jones, Ma, & McNally, 2021).

3.4 | Stability and accuracy of results

Since psychometric networks are estimated from data, it is important

to inspect whether the parameters of interest are estimated with

sufficient accuracy before drawing inferences from the properties of

a network's structure. Bootstrap and permutation‐based methods

have been developed to test the accuracy of network edge and

centrality estimates and other features such as communities

and group differences. We refer the reader to several tutorials and

introductory texts that exist on these methods (Borsboom, Deserno,

et al., 2021; Christensen & Golino, 2021; Epskamp, Borsboom, &

Fried, 2018; Fried et al., 2022; Van Borkulo et al., 2022).

4 | NETWORK PSYCHOMETRICS

4.1 | Network models and factor models

While network modeling has been proposed as an alternative to

latent variable modeling techniques commonly used in psychomet-

rics, interestingly, in some cases, there can be a full correspondence

between some networks and some latent variable models, including

factor and item response theory (IRT) models (Epskamp et al., 2021;

Epskamp, Kruis, & Marsman, 2017; Kruis & Maris, 2016; Marsman

et al., 2018; van Bork et al., 2021; Waldorp & Marsman, 2022). To

this end, in general, it is impossible to determine from on observa-

tional data whether a network or a latent variable model has

unambiguously generated the data at hand. If a latent variable model

underlies the data, an equivalent network model would generally be

highly clustered (Golino & Epskamp, 2017; Marsman et al., 2018). As

such, we cannot determine from the model fit alone if a clustered

network model or a latent variable model generated the data; a

combination of theoretical considerations and experimental in-

terventions is typically required (Costantini & Perugini, 2018;

Epskamp, Kruis, & Marsman, 2017).

The close relationship between latent variable modeling and

network modeling, however, does allow for these frameworks to be

closer linked than might be thought at first glance. For example, since

latent variables would emerge as clusters in an estimated network

structure, community‐detection algorithms applied on networks can

be used to explore the potential number of underlying latent vari-

ables (Christensen et al., 2023; Golino & Epskamp, 2017); a technique

termed Exploratory Graph Analysis (EGA). In addition, the close link
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readily allows for metrics and methods from factor analysis to be

applicable in network psychometrics, such as measurement invari-

ance testing, fit measures and meta‐analytic methods (Epskamp,

Isvoranu, & Cheung, 2022; Kan et al., 2020). These methods have

been implemented in the software package psychonetrics, which can

be used for network psychometrics and structural equation

modeling (SEM).

4.2 | Confirmatory network modeling

The close links between GGM networks and SEM and between Ising

models and IRT allow for techniques commonly used in latent vari-

able modeling to be applied in network modeling. One example of

such techniques is the ability to perform a confirmatory fit of a pre‐
defined network structure using confirmatory network modeling

(Epskamp, Isvoranu, & Cheung, 2022; Epskamp, Rhemtulla, & Bors-

boom, 2017; Kan et al., 2020). Just like how in factor modeling,

exploratory factor analysis (EFA) can be used to explore a factor

structure and confirmatory factor analysis (CFA) can be used to fit a

pre‐defined factor structure (in a new dataset), exploratory network

estimation algorithms can be used to estimate a network structure,

which can then be fit in a new dataset using CFA. This allows one, for

example, to test if a network structure replicates (Fried et al., 2022),

and for a fair comparison between (simple) factor models and

(sparse) network models (Kan et al., 2020).

4.3 | Latent network modeling

Many network studies include each questionnaire item as a separate

node. However, there are two problems with this approach. First, the

nodes in a network are treated as observed, and measurement error

is not considered. Particularly at the item level, measurement error is

likely to be present and may lead to spurious edges while attenuating

the edge weights of truly present edges. Second, because many

questionnaires focus on measuring broad constructs (e.g., a mental

disorder rather than individual symptoms), there are likely to be

semantically overlapping items (Fried & Cramer, 2017). In this case,

the nodes in the network are no longer separate entities, making it

difficult to accurately interpret the relationships between variables.

Latent network modeling (LNM; Epskamp, Rhemtulla, & Bors-

boom, 2017) has been developed to address these points. LNM es-

timates a network based on the implied latent variance‐covariance
structure of the data. This allows researchers to model conditional

independence relationships between latent variables without making

assumptions about directionality, as in SEM, or acyclicity, as in DAGs.

An advantage of LNM over estimating factor scores for each latent

variable and then fitting a network on the obtained factor scores is

that it avoids factor indeterminacy (Acito & Anderson, 1986; de Ron

et al., 2022). The residual network model (RNM) builds on the LNM

by formulating a network structure of the relationships between

variables that remain after fitting an LNM (Epskamp, Rhemtulla, &

Borsboom, 2017). These interactions can be interpreted as causal

influences or partial overlaps between items after accounting for the

latent variables in the network model. Both methods are imple-

mented in the lrnm function of the psychonetrics R package

(Epskamp, 2020).

Thus, LNM allows network analysis while accounting for mea-

surement error, and RNM allows one to estimate a network when

nodes are partially influenced by latent variables. However, one

needs to estimate a larger number of parameters in a network with

10 latent nodes than in a network model with ten (observed) nodes,

and this thus requires a larger amount of data. In situations where

the sample size relative to the number of parameters is limited, a

potential solution for combining items into a single node in the

network is taking the mean or sum score, although this approach

addresses the issue of semantically overlapping items it does not take

measurement error into account.

4.4 | Multi‐group and meta‐analytic network
modeling

In addition to confirmatory and latent network modeling, a final

range of methods from the factor analysis literature that can be

applied to network models concern methods that investigate homo-

geneity and heterogeneity across multiple datasets (Epskamp,

Isvoranu, & Cheung, 2022). These methods can be divided into two

classes: multi‐group models and meta‐analytic models. In multi‐group
modeling, multi‐group network models can be formed and used in a

way that is very similar to testing for measurement invariance in

factor analysis (Maassen et al., 2023; Meredith & Teresi, 2006;

Millsap, 2012). These methods can, therefore, be used to perform a

statistical test on whether or not a homogenous network structure

can underlie responses on two (or more) datasets (Fried et al., 2022;

Hoekstra et al., 2024). For a larger number of datasets, meta‐analytic
Gaussian network aggregation (MAGNA; Epskamp, Isvoranu, &

Cheung, 2022)—which is derived from meta‐analytic SEM

(Cheung, 2015; Cheung & Chan, 2005)—can be applied to estimate

one common network structure in addition to the extent of cross‐
study heterogeneity. While the nascent field of network psycho-

metrics and the large data requirements for individual network

studies make it hard to obtain a sufficiently large enough number of

studies to apply MAGNA, it has so far successfully been applied in the

study of post‐traumatic stress‐disorder (PTSD; Isvoranu et al., 2021),

a field in which the application of network modeling has been popular

in the past decade.

5 | THE BAYESIAN APPROACH TO NETWORK
ANALYSIS

Estimating a network from data involves two fundamental questions.

First, is there an edge between two nodes (i.e., an edge connecting

variables A and B?)? Second, if there is an edge, how strong is the

BRIGANTI ET AL. - 5 of 24
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effect (i.e., the edge weight)? The first question concerns testing,

while the second concerns estimation. Although a Bayesian approach

can be used to answer both questions, the primary focus in this

section is on whether an edge is present or absent.

The literature on the network analysis of psychological data has

mostly focused on estimation, whereas hypothesis testing of whether

anedge exists remains underdeveloped.Networksoften lack several of

their potential connections. This can be due to two reasons: the con-

nections are missing because their effect is absent (the two variables

are conditionally independent) or because there is too little informa-

tion to conclude its presence. Fortunately, a test can distinguish be-

tween the evidence for edge absence and the absence of evidence: the

inclusionBayes factor. This sectionwill provide ageneral overviewof the

Bayesian approach to network analysis, discuss Bayesian hypothesis

testing using the inclusion Bayes factor, and finally offer a discussion of

BayesianNetwork (BN) estimation. TheBayesianmethods for network

analysis described here are implemented in the user‐friendly package

easybgm (Huth, Keetelaar, et al., 2023).

5.1 | Basics of Bayesian inference

The Bayesian approach to evaluating or testing a network structure

begins with assessing how well the network structure can predict

newly observed data, P(data∣structure s). Considering a network with

three nodes and edges without direction, there are eight possible

structures (Figure 1). The problem lies in determining which of these

possible structures will produce the data that has not yet been seen.

To solve this problem, a Bayesian assigns prior weights (i.e., proba-

bilities) to each possible structure to reflect the ignorance about the

exact network structure that would produce the data, P(structure s).

Typically, a default choice of prior ignorance is considered, and an

equal prior probability is assigned to each possible structure. That is,

each of the eight structures in Figure 1 receives a prior weight of 1/8.

In practice, these prior probabilities can be assigned in different

ways.1

Regardless of how the prior probability was specified, Bayes' rule

can be used to update prior probabilities to posterior probabilities

once the data are observed:

Pðstructure s j dataÞ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

Posterior Probability

¼
Pðdata j structure sÞ

PðdataÞ

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

Predictive

Update Factor

� Pðstructure sÞ
zfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflffl{
Prior Probability

The predictive update factor considers how well structure s predicted

the observed data relative to how well all possible network struc-

tures predicted that data. Structures that predicted the data well

receive an increase in plausibility, while structures that predicted the

data poorly receive a decrease in plausibility. The posterior proba-

bility resulting from this update represents all the information

available about the structure after seeing the data. It conveys how

plausible it was that this particular structure produced the data at

hand. Figure 1 shows the posterior probability for each structure of

our imaginary three‐node network.

One can imagine that with more variables, there are more po-

tential network structures. Therefore, the posterior probability has

to be divided over more potential structures, indicating less certainty

that a particular structure generated the data at hand. Indeed, in

practice, it may be highly uncertain which structure generated the

data at hand (see, for example, the empirical analyses in Marsman &

Haslbeck, 2023; Marsman et al., 2022). Fortunately, the Bayesian

approach can express this uncertainty in terms of posterior proba-

bilities, which is impossible with other approaches. If this uncertainty

is ignored, researchers risk overconfidence in uncertain results

(Hinne et al., 2020; Hoeting et al., 1999). This issue has received

much attention in the recent network analysis literature (e.g., see

Fried et al., 2018; Jones, Williams, & McNally, 2021; Marsman &

Rhemtulla, 2022, for recent discussions). By acknowledging this un-

certainty, the Bayesian approach allows for inference that general-

izes better and is more transferable (Sekulovski, Keetelaar, Huth,

et al., 2023; Williams & Mulder, 2020).

F I GUR E 1 The eight possible structures for a three‐node network with their prior and posterior probabilities.
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5.2 | A Bayesian test for the presence or absence of
edges

The structure probabilities above can be used to answer the first

question of edge presence or absence in a network. There are two

possible hypotheses2 for the edge between nodes A and B:

� H1: There is an edge between the variables A and B;

� H0: There is no edge between the variables A and B.

It is necessary to evaluate which hypothesis is more plausible for

the data at hand, that is, whether network structures with a partic-

ular edge are better at predicting the observed data than network

structures without the edge. Since no assumption is made about the

rest of the network in the evaluation (i.e., whether there is an edge

between variables A and C or not), all possible structures are

considered simultaneously. To do this, the prior (posterior) proba-

bilities of all structures where the edge A — B is present (shown with

a solid frame in Figure 1) and of all structures where the edge A — B is

absent (shown with a dashed frame) are summed to obtain the prior

(posterior) probabilities for the two hypotheses. In our example in

Figure 1, the prior edge inclusion probability is obtained with

PðH1Þ ¼ Pðstructure 2Þ þ Pðstructure 5Þ þ Pðstructure 6Þ

þ Pðstructure 8Þ ¼ 0:5

and the posterior edge inclusion probability with

PðH1 j dataÞ ¼ Pðstructure 2 j dataÞ þ Pðstructure 5 j dataÞ

þ Pðstructure 6 j dataÞ þ Pðstructure 8 j dataÞ ¼ 0:82:

Conversely, the prior edge exclusion probability is obtained with

PðH0Þ ¼ Pðstructure 1Þ þ Pðstructure 3Þ þ Pðstructure 4Þ

þ Pðstructure 7Þ ¼ 0:5

and posterior exclusion probability with

PðH1 j dataÞ ¼ Pðstructure 1 j dataÞ þ Pðstructure 3 j dataÞ

þ Pðstructure 4 j dataÞ þ Pðstructure 7 j dataÞ ¼ 0:18:

The next step is to pit the competing hypotheses against each other

to determine which is better at predicting the observed data. To do

this, the posterior probability of inclusion is compared to the pos-

terior probability of exclusion:

PðH1 j dataÞ
PðH0 j dataÞ
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

posterior
inclusion odds

¼ BF10|ffl{zffl}
Bayes
factor

�
PðH1Þ

PðH0Þ
|fflfflffl{zfflfflffl}

prior
inclusion odds

:

As before, the predictive update factor can be used to update the prior

beliefs to posterior beliefs. In this case, the prior odds are updated by

contrasting two hypotheses to the corresponding posterior odds using

the Bayes factor, which is the primary Bayesian tool for comparing

models or hypotheses (Kass & Raftery, 1995; Wagenmakers

et al., 2016). The Bayes factor compares how likely the observed data

are under the hypothesis that the edge A — B is included (i.e.,H1) with

how likely the data are under the hypothesis that this edge is excluded

(i.e., H0). This is called the inclusion Bayes factor (Huth, de Ron,

et al., 2023; Marsman et al., 2022; Marsman & Haslbeck, 2023; Seku-

lovski, Keetelaar, Huth, et al., 2023). In the example, the inclusion

Bayes factor is BF10 ¼ 0:82
:18 =

0:5
0:5¼ 4:56, which means that the data are

approximately five times more likely to come from a network with the

A−B edge than fromanetworkwithout it (i.e., evidence for conditional

dependence). Conversely, evidence for edge exclusion can be obtained

by acquiring the reciprocal of the Bayes factorBF01 ¼ 1
BF10

(the change is

noted in the subscript). A Bayes factor of 1 indicates equal evidence for

both hypotheses and a Bayes factor BF10 less than one indicates evi-

dence for exclusion (i.e., conditional independence). Bayes factors are

continuous measures of evidence, but categorizations have been

introduced to classify them. A Bayes factor of up to three is often

considered weak evidence, up to 10 is considered moderate evidence,

andmore than 10 is considered strong evidence (Jeffreys, 1961). Thus,

in the example, the conclusion is that moderate but not compelling

evidence exists for an edge between nodes A and B.

5.3 | The Bayesian approach to parameter
estimation

The previous section focused on answering the question of whether

there is an effect of one variable on another in the network, more

specifically, on whether a direct relationship between the two

variables exists. However, the Bayesian approach can also answer

the second question of this section and estimate network parame-

ters such as edge weights. Suppose that structure five in Figure 1 is

the most likely structure for the data, such that an edge likely exists

between variables A and B in the example. The corresponding edge

weight is denoted by the symbol θAB. As with the structures, it is

essential to consider how well this parameter predicts the data at

hand. Since it is a priori unknown which values generate the yet

unseen data, prior plausibilities must be specified for the different

values the parameter could take in the form of a continuous

probability distribution, denoted p(θAB). Considering, for instance,

the bell‐shaped curve of a normal distribution with a mean of 0 and

a variance of 1 as the prior probability distribution, the value 0 is

the most plausible value the parameter could take because it is at

the top of the distribution. Moving away from this value in either

direction, increasingly fewer beliefs are assigned to the corre-

sponding parameter values. The Bayes' rule can be used to update

our prior probability distribution into a posterior probability

distribution:

pðθAB j data; structure 5Þ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

Posterior Distribution

¼
Pðdata j θABÞ

PðdataÞ

zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{

Predictive

Update Factor

� pðθAB j structure 5Þ
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{

Prior Distribution

:
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After the data is obtained, the posterior probability distribution

resulting from this prediction update is all information known about

the parameter at the current moment.

6 | NETWORKS FROM LONGITUDINAL DATA

In psychology, understanding how processes unfold over time is often

crucial and hardly possible when relying solely on cross‐sectional data
(Epskamp, Hoekstra, et al., 2022). Similar to cross‐sectional networks,

numerous estimation techniques are available for longitudinal data

(Blanchard et al., 2023; Burger, Hoekstra, et al., 2022). If longitudinal

data are available, network edges can encode different types of in-

formation. Some network models, such as the multilevel graphical

vector‐autoregressive network (GVAR; Epskamp, 2020; Epskamp,

Waldorp, et al., 2018), provide three types of model outputs. In tem-

poral networks, directed edges encode information about how within‐
person deviations of a node at some time point relate to within‐person
deviations in itself or another node's states in the future. Contempo-

raneous networks, on the other hand, contain undirected edges and

encode symmetric relationships among different nodes' states,

encoding within‐person relationships within the same window of

measurement (after controlling for temporal effects). In between‐
person networks, undirected edges represent symmetric relation-

ships between a person's typical levels of each node across time—

individual differences in stable averages. Whereas the temporal and

contemporaneous networks can also be estimated on a single person's

longitudinal data, the between‐person network can only be estimated

if longitudinal data of multiple individuals are available (Costantini

et al., 2019). Network models also differ in their idiographic versus

nomothetic focus. Some models focus solely on person‐specific re-

lationships (Haslbeck & Ryan, 2022), while others integrate within‐
person and between‐person phenomena, for instance, using a multi-

level framework (Bringmann et al., 2013). Finally, a third class of

models does not encompass inter‐individual differences in processes

(Epskamp & Fried, 2018). In this section, we provide an overview of

different approaches to modeling network structures in longitudinal

data.

6.1 | Vector autoregressive network models

In the parlance of network psychometrics, a temporal network is one

where the edges represent relationships between variables over

time. This definition is contrasted with the previously described

cross‐sectional networks, where the edges represent some measure

of contemporaneous association. There are many different kinds of

temporal network models used in network psychometric research

today (Blanchard et al., 2023), and most are extensions or elabora-

tions of the vector autoregressive model (VAR; Lütkepohl, 1991), such

as the commonly used GVAR model mentioned above. The VAR

model is the simplest of temporal models as it poses the temporal

relations between variables as being (a) linear and (b) only at a given

time lag (typically at a lag of 1, though the VAR framework does allow

for arbitrary lag values). A VAR model of lag 1 has the following

standard form:

xt ¼ μþ Bðxt−1 − μÞ þ εt;

In which xt is the vector of observed variables at timepoint t, μ is a

vector of (person‐wise) means, B is a matrix of regression co-

efficients that relate the values of xt to xt þ 1, and ɛt is the inno-

vation vector. The B matrix, also termed the temporal network, is of

interest because it represents how the variables in the psycho-

metric network are related to one another over time. In addition to

B, researchers are typically also interested in modeling the

variance‐covariance structure of ɛt as a network (in which case the

VAR model becomes a GVAR model), termed the contemporaneous

network, to model relationships in the same window of measure-

ment. The temporal and contemporaneous networks can be used in

a graph‐theoretic sense, and various network statistics can be

calculated. The above is a simple VAR and can be modified to

include time trends (gradual increases or decreases in the vari-

ables), seasonal effects (cyclical changes, such as positive mood

increasing during weekends), and exogenous predictors (trait level

characteristics and demographics).

While VAR models, at their simplest, are useful exploratory tools

capable of identifying possible dynamical relations between variables

over time, caution must be taken in interpreting them as complete

descriptions of a psychological process for one core reason: the

standard VAR model is a stationary model. A stationary model or

system is one in which the properties of the model do not change

with respect to time. In the case of the standard VAR model, this

results in a system where neither the relations between variables nor

their expected values can ever change. Theoretically, this is a difficult

set of assumptions to impose on a psychological system, as it says

that no amount of disturbance, no intervention of any strength, can

result in permanent change. Stationarity also implies that we cannot

model behavior we are often intersted in, that is, no sudden transi-

tions, or emergent behavior that characterize psychological phe-

nomena (Borsboom, 2017b; Olthof et al., 2023; Wichers et al., 2019).

Indeed, reducing the means and variances of symptom measures is

precisely the aim of clinical treatment. Due to this property of sta-

tionarity, simple VAR models are not as useful for the identification

of intervention targets via control theory (Henry et al., 2021) or for

predictive modeling as a more elaborate nonstationary formal model

might be (see, for instance Robinaugh, Haslbeck, Waldorp, Kossa-

kowski, Fried, Millner, McNally, et al., 2019; Wang et al., 2023).

Instead, VAR models can be used to uncover broad patterns of

temporal relations in the same way an exploratory factor model can

be used to explore the structure of a given construct. The VAR

modeling framework has been extended in several ways that

radically improve its usefulness for exploring the dynamics of

psychopathology.
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6.2 | Time‐varying network models

The temporal networks discussed thus far have all been time‐
invariant, meaning their parameters do not change over time. How-

ever, from a clinical perspective, change in a network is often pre-

cisely what researchers, patients, and therapists are interested in. A

core idea of the network approach is that a network represents a

system of symptoms or a system underlying symptoms

(Borsboom, 2017a; Cramer et al., 2016; Haslbeck et al., 2022).

Therefore, it could be expected that the network changes when the

symptoms of the disorder change. This might be the case in purely

observational studies, where changes in networks may be used as

early warning signals for transitions to a more problematic state

(Bringmann et al. (2023), van de Leemput et al. (2014), and Wichers

et al. (2016, 2019, 2020), but also see Dablander et al. (2022)).

However, it could also be interesting to track the impact of a given

treatment by investigating how the network model changes in

response to the treatment (van der Wal et al., 2022). At this time, this

field of research needs models that can identify alterations in the

network edges to detect such changes when moving from a healthy

to a depressed network or vice versa. In other words, time‐varying
models are necessary to capture changes in networks over time

(Haslbeck et al., 2022).

When estimating a time‐varying (network) model, ideally, a

separate “version” of the model of interest will be obtained at every

time point in the measured time interval. For example, considering

measures during a 2‐week interval, the model could be determined,

for example, on day 4 at 11 am, on day 12 at 3 pm, or any other time

point. However, estimating a model at each single time point repre-

sents a complex question. Clearly, the model cannot be estimated

using data only from a given single time point. To make estimation

feasible, close time points could be combined with the desired time

point. This procedure is justified if a version of local stationarity is

satisfied. One common form of local stationarity is that parameters

are smooth functions of time, which implies that the models at time

points that are very close to each other also have very similar pa-

rameters. Under this assumption, different methods can be used to

estimate a time‐varying network model. Bringmann et al. (2017,

2018) proposed a method using Generalized Additive Models (GAMs;

Wood, 2006), in which time serves as moderator of all parameters,

which can take on almost any (smooth) shape thanks to the flexibility

of GAMs. Another approach is to use some version of a moving

window or kernel smoothing approach (Haslbeck & Waldorp, 2015).

A simulation study comparing both methods in settings resembling

typical data from Experience Sampling Methodology (ESM) studies

can be found in Haslbeck et al. (2021).

Although methods based on smooth change are the most widely

employed for estimating time‐varying psychopathological networks,

numerous models exist that model change discretely. The simplest

example of a discretely changing network involves a change point

analysis. For instance, Bringmann et al. (2013) use a multilevel VAR

model to analyze data before and after a treatment program (the

change point). They introduce a dummy variable (with zeros for the

time points before and ones after the treatment) to test parameter

changes after treatment. If the change point (i.e., dummy variable) is

significant, two networks are required—one representing the period

before treatment and another representing the dynamics between

nodes after treatment. Otherwise, if there is no change, one network

representing the entire study period is sufficient, as observed in the

results of Bringmann et al. (2013). Identifying a change point or the

moment of discrete change without knowing its location is also

possible using change point analysis (Cabrieto et al., 2018).

In some cases, the process under study may switch between

different regimes, as seen in bipolar disorders shifting from a

depressive to a manic state and vice versa (Hamaker et al., 2016).

When a system shifts between these different regimes, change point

analysis becomes inadequate because it assumes only a few definitive

changes without considering back‐and‐forth transitions. In such in-

stances, regime‐switching analysis, like threshold autoregressive

modeling, proves more suitable (De Haan‐Rietdijk et al., 2016;

Hamaker et al., 2009). In this variant of a time‐varying VAR model,

the threshold variable is specified by the researcher and included

in the network itself, while the threshold value is estimated based on

the data. Alternatively, when the variable determining the regime‐
switching behavior is unknown, hidden Markov models might be

more appropriate (de Haan‐Rietdijk et al., 2017; Mildiner Moraga &

Aarts, 2023; Zucchini & MacDonald, 2009). Other approaches can

capture repeated changes that address the limitations of changepoint

detection and better scale to many change points in the time series

segmentation literature, for example, a method to estimate piecewise

constant GGMs using a group‐fused lasso (Gibberd & Nelson, 2017).

Furthermore, methods integrating discrete and continuous

changes are viable, such as a time‐varying model based on the

generalized additive framework combined with change point ana-

lyses (Albers & Bringmann, 2020). Another model capable of handling

both continuous and discrete changes is moderated time series

analysis, where changes in the network are related to a moderator

(Adolf et al., 2017; Bringmann et al., 2024; Swanson, 2020). While

most network changes primarily focus on therapeutic goals over

time, it is equally crucial to ascertain if specific contextual factors are

associated with the change rather than solely observing whether the

network changes over time. In such cases, moderation analysis

proves useful (for cross‐sectional moderation networks, see Hasl-

beck, 2022)). Depending on whether the moderation analysis in-

volves a discrete factor (e.g., being alone or with others) or a

continuous variable (e.g., stressful events), the network can change

either continuously or discretely (Bringmann, 2024; Bringmann

et al., 2024).

A topic closely related to the time‐varying models discussed here

is the topic of (non)‐stationarity. There are different definitions of

nonstationarity, which refer to different aspects of the distribution

being the same (stationarity) or not (nonstationarity) across time.

While there can be infinitely many processes generating nonsta-

tionary time series, one typically distinguishes between deterministic

and stochastic nonstationarity processes. The time‐varying models

fall into the category of deterministic nonstationarity since all

BRIGANTI ET AL. - 9 of 24
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parameters are estimated to be deterministic functions of time.

Similarly, time‐varying means (or trends) are also deterministic forms

of nonstationarity for the same reason. A well‐known example of a

process with stochastic nonstationarity is a random walk. Here, the

parameters do not change over time, but the distribution does

change across time (e.g., the variance goes to ∞ as t → ∞). For an

accessible introduction to the topic of stationary and nonstationary

time series, see Ryan, Haslbeck, and Waldorp (2023).

6.3 | Network models from panel data

Dynamic network models can be constructed from different types of

(intensive) longitudinal data. As different forms of data warrant

distinct analytical approaches, beyond matching the research ques-

tion of the investigator, the network model estimated must match the

type of data to be collected or available to the researcher. Intensive

longitudinal data are often measured through Ecological Momentary

Assessment (Shiffman et al., 2008, EMA) or the Experience Sampling

Method (Telford et al., 2012, ESM). These approaches often yield

repeated‐measurement data with a high measurement frequency,

including assessments that are frequently conducted hourly (e.g.,

every 3 h) or daily (e.g., diary studies). In contrast, more traditional

longitudinal or panel data often involve fewer (frequent) measure-

ments per person and a longer timespan between each subsequent

assessment, usually measured on a weekly, monthly, or yearly time-

scale. Such panel datasets often include a much larger sample size

(number of people) than typical in high‐intensity EMA/ESM studies.

The GVAR model has been generalized to apply to panel data-

sets (Epskamp, 2020) through the panelGVAR framework. This

model allows for the estimation of networks based on observed

variables, which may, for example, include nodes that are single

items or sum scores. The panelGVAR model can further be gener-

alized to incorporate a measurement model and, thus, latent vari-

ables as nodes in the network. Like SEM, the latent variable

panelGVAR model allows nodes to be measured by multiple in-

dicators to represent nodes as latent variables, thereby being able

to address measurement error (Epskamp, 2020).

The panelGVAR is technically a GVAR model with random means

(intercepts) across individuals but not random networks (slopes). As

panel data both includes multiple individuals (N > 1) in addition to

repeated measurements per person, network models from panel data

enable the disaggregation of within‐person from between‐person
effects (Curran & Bauer, 2011; Epskamp, 2020; Hamaker

et al., 2015). Combined with the autoregressive and cross‐lagged
effects, the VAR model enables the estimation of temporal parame-

ters, contemporaneous effects, and between‐person effects. Similar

to other dynamic network models, such as the multilevel vector

autoregressive model (Bringmann et al., 2013; Epskamp, Waldorp,

et al., 2018), dynamic network models from panel data result in a

temporal, contemporaneous, and between‐subject network.

The directed edges in the temporal network must be interpreted

in accordance with the longitudinal assessment window of the study

(Borsboom, Deserno, et al., 2021). For example, suppose a study has

measured depressive symptoms every month (e.g., across three or

four longitudinal assessment waves). In that case, the edges of this

temporal symptom network provide information on the extent to

which within‐person fluctuations in the current levels of one symp-

tom (e.g., feelings of worthlessness) predict within‐person fluctua-

tions in another symptom (e.g., depressed mood) a month later.

Correspondingly, if a study involves five (or another number of)

longitudinal assessment waves with 1 week between each assess-

ment, the directed edges in the temporal network reflect the pre-

dictive effect of one node on another a week later.

Similarly, edges in the contemporaneous network require

awareness of the time distance between the assessment waves of the

longitudinal study. Generally, the undirected edges in the contem-

poraneous network are described to reflect associations between

nodes that occur within the same measurement window (i.e. occur-

ring in a shorter temporal resolution than captured by the temporal

network; Epskamp, van Borkulo, et al., 2018). Following the previous

example with a weekly time lag, a positive edge between sleep dif-

ficulties and fatigue in the contemporaneous network reflects how

greater sleep problems than one's average are associated with more

fatigue within a weekly time window. Notably, both the temporal and

contemporaneous networks embody average within‐person effects,

reflecting within‐person effects that regularly occur across the sample

of individuals.

Finally, the panelGVAR model further yields a between‐subject
network based on person‐specific means over the study period

(Epskamp, 2020). As this person‐specific mean provides information

about the stable level of a variable over the study period, these nodes

can be thought to represent trait‐like variables, with the association

between nodes in the between‐subject network reflecting how higher

levels of a variable from the mean (e.g. physical activity) compared to

other individuals is associatedwithhigher or lower level from themean

of another variable (e.g. fatigue) compared to other individuals.

As network models estimated from panel data often include

longer‐term distances between assessments (e.g., weeks or months)

and are usually accompanied by self‐reported measurements

assessing a longer retrospective period (e.g., depressive symptoms

during the past month), these network models from panel data are

often suitable for addressing questions about the interplay between

longer‐term symptom relationship patterns, periodic tendencies, or

longer‐term habitual or behavioral patterns. Accordingly, network

models from panel data provide rich sources of information on the

dynamic interplay between symptoms occurring across longer pe-

riods and are suitable for a wide range of research questions across

psychological domains (e.g. clinical and developmental psychology;

Freichel et al., 2023; Hoffart et al., 2023).

6.4 | Idiographic network comparison

In recent years, there has been a growing interest in applying VAR

models to time‐series data to explore symptom dynamics at an
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individual level (Bringmann, 2021). This surge in interest is partly due

to the aim of uncovering individual differences in symptom dynamics.

However, the comparison of idiographic network structures to

identify the presence of heterogeneity is a challenging endeavor in

many applied settings. The applications of idiographic network

analysis utilize different approaches to estimate, inspect, and inter-

pret person‐specific network structures. Methods such as visual in-

spection, correlation computation, and multilevel data analysis

techniques, such as mlVAR, have been employed to discover indi-

vidual differences between idiographic network structures. However,

these approaches cannot directly test for (in)equalities between

idiographic network structures, leaving the door open to interpreting

all variability in the data in terms of individual differences. However,

not all variability directly results from individual differences (Hoek-

stra et al., 2023). Hoekstra et al. (2023) revealed that these tools

might erroneously indicate heterogeneity in instances where the

underlying network structures are homogenous. Such mis-

interpretations inflate the perceived extent of individual differences.

To address this challenge, the Idiographic Network Intervention

Test (INIT) has been introduced as a novel methodology for

comparing estimated idiographic network models (Hoekstra

et al., 2024). INIT accommodates the comparison of idiographic

network structures to determine the presence of heterogeneity, that

is, individual differences between idiographic network structures, by

contrasting a model assuming network equality against one that al-

lows for heterogeneity. This methodological advance extends com-

mon model comparison practices to idiographic network estimation,

providing a more rigorous testing framework to ascertain whether

the observed differences between idiographic network structures are

plausible given the data. By assuming homogeneity rather than het-

erogeneity as its null model, INIT contrasts with previous methods

that used heterogeneity as the starting assumption. This shift toward

a more conservative approach ensures that variance within the data

is attributed to individual differences only when sufficient evidence is

present. Such a cautious stance enhances the reliability of conclu-

sions drawn from idiographic network analysis, reducing the likeli-

hood of misattributing general variability found in time‐series data as

meaningful individual differences.

The INIT methodology offers a versatile tool for analyzing the

heterogeneity in idiographic network models across different con-

texts. In addition to enabling researchers to identify heterogeneity

between the idiographic network structures of two unique in-

dividuals, INIT can be applied to examine a change in the idiographic

network structure of a single individual across separate instances of

time‐series data. This application allows for assessing whether an

individual's network structure exhibits changes over time, providing

insights into the temporal stability of idiographic network structures.

Employing INIT, van der Tuin et al. (2023) have linked the sta-

bility of symptom networks over a year to changes in psychopa-

thology severity by examining individuals along the psychosis

severity continuum. Most individuals displayed stable symptom net-

works alongside a decrease in psychopathological severity, indicating

no direct correlation between network stability and severity change.

These findings challenge the idea that psychopathology severity and

idiographic networks are closely intertwined. Moreover, INIT's

broader application was demonstrated by Ebrahimi et al. (2024).

Investigating heterogeneity in idiographic depression symptom net-

works, Ebrahimi et al. (2024) found distinct symptom dynamics in a

large portion of individuals (63%) with similar symptom severity.

Their results highlight the nuanced and individualized nature of

psychopathological experiences beyond mere severity quantification

and underscore the importance of personalized approaches in un-

derstanding mental health.

6.5 | Rate of change network models

Most dynamic network models use previous time points to assess

how symptoms predict each other from one time point to the next.

Rate‐of‐change network models offer a different perspective on

symptom dynamics. Rate of change measures, such as the derivatives

of each symptom's time series, provide insight into how symptoms

are changing together over time—that is, whether the increases and

decreases in the activation in one symptom are associated (inversely)

with the increases (decreases) and decreases (increases) of other

symptoms in the system. The first‐order derivatives, often referred

to as velocity, can be used to estimate the rate of change and provide

insight into linear and nonlinear changes in symptom activations. To

estimate these derivatives, the generalized linear local approxima-

tion (GLLA; Deboeck et al., 2009) approach uses time delay em-

beddings or bins of time points in sequential “windows” of time

Equation (1).

0

B
B
@

xt¼1 xt¼2 xt¼3 xt¼4 xt¼5
xt¼2 xt¼3 xt¼4 xt¼5 xt¼6

⋮ ⋮ ⋮ ⋮ ⋮
xt¼T−4 xt¼T−3 xt¼T−2 xt¼T−1 xt¼T

1

C
C
A ð1Þ

The first‐order derivatives are then computed over each

sequence of time for each variable using GLLA to derive how vari-

ables change over time. One surprising feature of this approach is

that it is relatively robust to missing measurement points. Boker

et al., 2018 demonstrated that an error introduced by a missing

measurement point cancels itself out with enough time points before

and after it. Consequently, GLLA can capture continuous dynamics

across time at different intervals and remain robust to missing

measurement points.

Another feature of using derivatives to capture the dynamics of

symptoms is that nonlinear relationships can be captured. Consid-

ering two variables, one with an increasing stepwise linear time

pattern and the other with a U‐shaped pattern, most linear ap-

proaches estimate this relationship as zero, given that at different

time points, the U‐shaped pattern decreases and later increases

when the other time series is strictly increasing. The first‐order
derivative reveals that the rate of change is increasing similarly

for both and, therefore, captures the (nonlinear) relationship be-

tween these two symptoms across time.
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A network model can then be estimated using the derivatives

of each symptom to establish the conditional relationships between

symptoms as they change across time (Golino et al., 2022). These

relationships can be interpreted as the extent to which two

symptoms change together across time. Using each person's de-

rivatives, networks can be estimated at the sample, group, and

individual levels (with enough time points). At the individual level, a

person's symptom interactions can be monitored throughout an

intervention to determine the specific effects the intervention has

on the individual. The group‐ and sample‐level dynamics can be

used to determine the course of multiple interventions and the

overall effect of an intervention (respectively).

6.6 | Network intervention analysis

Network intervention analysis (NIA) was introduced in 2019 as a

methodology to combine network analyses with experimental

research (Blanken et al., 2019). With the introduction of mixed

graphical models (Haslbeck & Waldorp, 2020), it became possible to

incorporatedifferent variable types into a singlemodel. Leveraging this

possibility, NIA incorporates a treatment allocation variable into the

network. As such, theNIA allows the investigation of symptom‐specific
treatment effects within a network analytical context. The upside of

investigating these symptom‐specific relations using network analysis

is that the interrelations between the symptoms themselves are taken

into account, allowing us to differentiate between direct and indirect

treatment effects.

A particular strength of combining network analysis with a

randomized controlled trial is that the randomization process en-

sures that treatment can influence the symptoms and not vice

versa. Therefore, even though the links in the network are undi-

rected, the NIA identifies the symptoms that are directly affected

by treatment.

More recently, NIA has been applied to contrast active treat-

ment conditions. In these analyses, any identified link between the

treatment allocation variable and a particular symptom reflects

treatment differences. Interestingly, when applied to contrast cogni-

tive and behavioral treatments for insomnia, it was shown that while

both active treatments are indistinguishable at the overall severity

level (i.e., as reflected in sum scores), NIA could reveal that the

treatments showed unique patterns in the symptoms they were

targeting (Blanken et al., 2021; Lancee et al., 2022). These unique

effects are in line with their theoretical underpinnings and could offer

opportunities for precision medicine. Accordingly, using network

analyses in combination with RCTs may provide new ways to inves-

tigate treatment mechanisms.

The way NIA was introduced is only one specific example of

how network analysis and experimental research designs could be

combined. For each dimension (i.e., the number of assessments,

type of manipulation, included variables, model type), NIA could be

adapted. First, NIA can be applied to test pre‐post differences (e.g.,

Boschloo, Bekhuis, et al., 2019; Boschloo, Cuijpers, et al., 2019), or

to reflect sequential differences throughout the treatment (e.g.,

Bernstein et al., 2023). Second, the framework can be generalized

to incorporate any experimental condition into the networks; this

approach is not restricted to RCTs. Third, the variables that are

included in the networks can be varied, for example, to reflect

treatment processes rather than symptoms (e.g., Lancee

et al., 2022). Finally, rather than evaluating the effect of treat-

ments on symptoms, we can model the effect of treatments on

their links through moderated network models (Fishbein

et al., 2023).

7 | CAUSAL INFERENCE AND BAYESIAN
NETWORKS

Similar to other graphical models, BNs associate a probability distri-

bution with a graph: in this case, a DAG G = (V, E) where V is a set of

nodes representing the random variables X1, X2, …, Xn, and E is a set of

directed edges indicating conditional dependencies (Briganti

et al., 2023). If two nodes are separated in the graph, the corresponding

variables are independent in probability. The graphical separation

criterion is called d‐separation in BNs and is defined as follows: two

nodes Xi and Xj are d‐separated by some other node(s) S if along every

path between Xi and Xj there is a node that belongs to S or, instead,

there is a node that is part of an unshielded collider but does not belong

to S nor do its descendants. A collider is defined as the pattern of edges

Xj → Xi ← Xk; if there is no edge between Xj and Xk, it is called an

unshielded collider or v‐structure; if Xj and Xk are connected by an

edge, it is called a shielded collider.

This definition has three important implications. First, each nodeXi
in a BN is conditionally independent of its nondescendants given its

parents Pa(Xi). The joint probability distribution of the network can

then be expressed as

PðX1;X2;…;XnÞ ¼∏
n

i¼1
PðXi j PaðXiÞÞ: ð2Þ

As a result, BNs are computationally efficient, and the behavior of

specific symptoms from their local distributions can easily be studied.

Second, the subset of symptoms that completely explains the behavior

of Xi directly from the DAG can be read: it comprises the parents, the

children and the spouses of Xi. Third, d‐separation bridges from

probability to causality by identifying v‐structures as a pattern of

causal effects that has the unique probabilistic behavior shown in

Figure 2, which makes it identifiable by purely statistical means. A

practical example involving six symptoms (“Anxiety”, “Insomnia”,

“Depression”, “Fatigue”, “Withdrawal” and “Irritability”) is shown for

illustration in Figure 3. Overall, BNs are the original artificial intelli-

gence model: their construction allows them to be learned automati-

cally and to provide a working model of pathology that can be used for

automated reasoning, as discussed below.

12 of 24 - BRIGANTI ET AL.

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



7.1 | Principles of causal inference with Bayesian
networks

Causal inference in BNs treats edges as causal relationships rather

than just as statistical correlations. On the one hand, the correlation is

symmetric: if X is correlated with Y, then Y is correlated with X. On the

other hand, if X causes Y, an intervention on X should change the dis-

tribution of Y, but an intervention on X should not change the distri-

bution of Y. Their semantics are very different, but we rely on d‐
separation to identify whether either type of relationship exists

F I GUR E 3 An example of a Bayesian network representing potential causal relationships in psychopathology. The directed edges illustrate
hypothesized causal influences among various symptoms, such as “Anxiety” leading to “Insomnia” and “Depression” influencing “Withdrawal”.

The Markov blanket of “Depression”, consisting of “Anxiety” (parent node), “Insomnia” (spouse), “Fatigue” and “Withdrawal” (children), is
highlighted in gray. The local distributions defined in Equation (2) take the form shown below the network.

F I GUR E 2 Directed and undirected
graphical separation, illustrated using all

possible patterns of three nodes connected by
two edges.
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between two variables in the DAG. In the words of Pearl, 1988: “It

seems that if conditional independence judgments are byproducts of

stored causal relationships, then tapping and representing those re-

lationships directly would be a more natural and more reliable way of

expressingwhatwe knowor believe about theworld. This is indeed the

philosophy behind causal BNs.”

As discussed above, v‐structures represent a configuration in

BNs where two or more variables converge on a common effect,

forming a V‐shaped structure. This configuration is particularly

challenging in causal inference because it can introduce spurious

associations between the converging variables when conditioning

on the collider. Specifically, conditioning on a collider can open a

previously closed path in the network, potentially leading to

biased estimates and false causal interpretations (Rohrer, 2018).

Despite these challenges, collider structures can be useful in hy-

pothesis testing and model specification. They allow researchers

to explore and control for potential sources of bias, enhancing the

robustness of causal conclusions drawn from BNs (Lipsky &

Greenland, 2022).

Using BNs as causal network models requires careful consider-

ation of several essential conditions. First, the structure of theBNmust

accurately reflect the underlying causal relationships among the vari-

ables and that there are no cyclic relations between them. We should

leverage domain knowledge available from experts and from the

literature to validate the directed edges as plausible causal relation-

ships. Second, the data used to construct the network should be

representative of the population we would like to study, sufficient in

quantity, and free of sampling bias and systematic patterns of missing

values. Third, we should critically examine the theoretical assumptions

underlying causal inference in BNs: the faithfulness condition and the

absence of hidden confounders. The faithfulness condition requires

that the observed probabilistic dependencies are entirely due to the

causal structure of the network. The lack of hidden confounders,

defined as unobserved variables that are parents of at least two

observed variables, avoids the risk of edges representing spurious

causal effects.

Violations of these assumptions can lead to incorrect causal in-

terpretations. However, even if they are satisfied, causal in-

terpretations are inherently limitedwhenusing observational data and

often require supplementary experimental or longitudinal data for

validation.

7.2 | Estimation of Bayesian networks

The estimation of BNs integrates observed data with prior beliefs,

using Bayesian inference to determine which edges are supported by

the information available and to estimate the values of network pa-

rameters. To estimate the structure of the network, the constraint‐
based algorithms can be employed, such as the PC algorithm

(Colombo & Maathuis, 2014), which use conditional independence

tests to establish conditional independencies and are designed

explicitly for causal discovery; score‐based algorithms, which are

general‐purpose optimization algorithms that use scoring methods

for network models; and hybrid algorithms, which combine both in-

dependence tests and scoring methods for improved accuracy. These

algorithms automate the model selection process in the spirit of

machine learning. An overview of the algorithm, scoring methods and

conditional independence tests available from the literature are

described in (Kitson et al., 2023; Scutari et al., 2019). After the

network structure is available, estimating the parameters of the local

distributions from Equation (2) is an application of classical Bayesian

statistics.

7.3 | Bayesian inference in BNs

BN inference is the process of drawing conclusions from the

network through belief updating or causal reasoning. These con-

clusions take the form of conditional independence statements or

posterior probabilities and densities, and they can provide signifi-

cant insights into the dependence and causal structure of the

symptoms. BNs are constructed to provide a working model of

reality that can be used for automated reasoning, either by

replacing clinical investigations with simulation experiments

(approximate inference) or by combining graphical manipulations and

local computations (exact inference). In both cases, the BN repre-

sents a working model of the world that a computer can under-

stand, and inference is automated by computer algorithms that can

produce the desired conclusions, given only an event of interest and

evidence on the patient's current state. Two examples of exact

inference algorithms are variable elimination and junction trees, and

two examples of approximate inference algorithms are logic sam-

pling and likelihood weighting. An approachable introduction to this

topic is available in (Scutari & Denis, 2021). These algorithms pre-

sent computational and probabilistic challenges, especially in large

networks or when dealing with rare events. They are only feasible

for sparse networks or simple structures such as trees and poly-

trees: their computational complexity can become exponential as

the number of variables increases, as is often the case in psycho-

pathological networks.

Furthermore, exact and approximate algorithms can also be used

for causal inference methods such as interventions and counterfactuals

that manipulate the graphical structure of the BN (Pearl et al., 2016).

Interventions simulate a clinical treatment by removing the parents

of a symptom and replacing its distribution with the one that would

result from the treatment. Counterfactuals augment the graphical

structure with additional nodes to represent additional outcomes

that have not been observed in reality to study them together with

those that have.

These tools allow BNs to play a crucial role in generating hy-

potheses in psychopathology, especially in retrospective or cross‐
sectional studies where rigorous causal analysis might not be

feasible. Their ability to identify potential causal directions among

variables facilitates the formulation of research hypotheses for

future experimental validation.
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7.4 | Limitations and considerations

The use of BNs in psychopathology enhances the ability to address

the complexity of mental disorders and generate hypotheses for

future research despite their limitations.

The assumptions necessary for rigorous causal inference, such as

the absence of latent confounding variables, are often challenging to

meet in usual psychopathological data. In addition, low sample sizes

can further reduce the statistical accuracy of the BN estimation

process. Although progress has been made on several fronts (Ber-

nasconi et al., 2023), resampling methods such as bootstrapping (and

re‐estimating the network model multiple times) remain the most

common tool for selecting only the most stable connections.

Moreover, BNs can be understood as a form of “white‐box”
artificial intelligence, offering transparency in complexity investiga-

tion or hypothesis generation. Unlike other approaches such as factor

analysis (Watkins, 2018), the nodes in BNs represent observed var-

iables, such as psychopathological symptoms, facilitating the identi-

fication and investigation of potential causal relationships and

avoiding the arbitrary choices required to model latent factors. BNs

also build to a great extent on classical statistical models and practice

and, therefore, can benefit from decades of established best practices

for model estimation and validation (Scutari & Denis, 2021).

8 | NETWORK MODELS AND THEORIES ABOUT
PSYCHOPATHOLOGY

The previous sections introduced various network models and pro-

vided guidance on how to apply them in empirical research. This

section is dedicated to zooming out and reflecting on how re-

searchers can leverage these models to develop better theories of

psychopathology, which in turn improves our understanding and

treatment of mental health problems. Three core use cases are

considered: (1) using network models as theories, (2) using network

models to make inferences to theories, and (3) using network models to

establish phenomena and develop theories (see also Haslbeck

et al., 2022). We describe each in turn.

8.1 | Using network models as theories

One direct way in which network models can be useful is if they serve

as theories of psychopathology. Theories can be seen as representing

a “target system” — the part of the real world that gives rise to

something we care about (e.g., Elliott‐Graves, 2014). Considering the

study of panic disorder, the target system would be the set of

behavioral, cognitive, physical and social components underlying

panic disorder and the relations between them (Robinaugh, Haslbeck,

Waldorp, Kossakowski, Fried, Millner, McNally, et al., 2019). If a

theory is a good representation of the target system, it can be used to

reason about the world and predict how it evolves and behaves when

intervening on it. For example, physics theories allow to put people

on the moon, epidemiological models allow to predict the impact of

certain public health measures, and a surgeon uses biophysical

models to operate on a brain. In the case of panic disorder, a good

theory would be handy because it allows us to understand the causes

of mental health problems and help improve treatments (Ryan,

Haslbeck, & Robinaugh, 2023).

Treating network models as theories raises the question of

whether they, in fact, are good representations of the target system.

This may be the case for some network models. For example, an Ising

model representing a network of symptoms together with a dynamic

to run on the model could, in principle, be a good theory for direct

causal interactions between symptoms because it can produce a rich

set of behaviors, including getting “stuck” in a state with high

symptom activation, sudden transitions, and hysteresis (Cramer

et al., 2016; Finnemann et al., 2021; Lunansky et al., 2021). This idea

can be investigated by simulation from such a model to see if the

generated data fit real‐world data, which is the case for well‐
established theories in other sciences (Borsboom et al., 2022;

Epstein, 2008; Smaldino, 2017).

However, at least three situations come to mind in which current

network models may provide poor representations of target systems

and thus make for poor theories. First, network models struggle

when there is a mismatch between the data used to estimate the

network model and the phenomena theories seek to explain — for

instance, when we estimate a network model on cross‐sectional data,
but our theory is about dynamic interactions within an individual. It is

possible to bridge such levels, but this requires strong assumptions

(Hamaker, 2012; Molenaar, 2004). Second, network models show

poor representation when they cannot produce phenomena of in-

terest. Suppose that mental disorders involve multiple stable states

(e.g., “healthy” and “unhealthy”), sudden transitions between states,

hysteresis, feedback loops and processes evolving at different time

scales (e.g., short‐term benefit vs. long‐term harm). In that case, a

network model should be able to produce these phenomena (e.g., in a

simulation), which is not the case for many popular network models

introduced in this manuscript (Haslbeck et al., 2022). However, if

network models cannot investigate features our theories predict to

be present in the data, this raises questions about how to bring our

data to bear on our theories in the first place (Fried, 2020; Haslbeck

et al., 2022). Finally, a network model may represent phenomena at

the right level and be able to produce important characteristics of

our theory, but it may not be directly relevant to psychopathology.

For example, a model may lend itself well to capturing emotion dy-

namics, but this does not mean that it automatically serves as a useful

theory for better understanding and treating mental disorders (Ryan,

Dablander, & Haslbeck, 2023; Wichers et al., 2021).

8.2 | Using network models for informing theories

A second perspective is that network models themselves may not

make for adequate theories of psychopathology, but they can be

useful for informing theories, that is, help with inferences about the
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inner workings of a system under investigation. For example, by

assuming a symptom A causes another symptom B, and that data is

collected on these symptoms and given that the data was generated

by the system of interest, it stands to reason that network models

fitted to those data should recover some information about the sys-

tem, such as the A—B relation. An edge between these two symptoms

can be observed in a cross‐sectional network, which could lead to the

conclusion that symptom A causes symptom B (or vice versa) in a

within‐person process.

However, such inferences can be more problematic than perhaps

expected. The reasons why this type of inference can fail include

mismatches in the data level (e.g., using between‐person data to draw

inferences about within‐person target systems), functional model

misspecification (e.g., assuming linear relations while the target sys-

tem is nonlinear), issues with time scales (e.g., the process evolves at

a faster time scale than the frequency of measurements), alternative

reasons for co‐occurrence (e.g., two nodes can be related due to

semantic overlap, a common cause, or a collider structure), or mea-

surement issues (e.g., recall biases or social desirability). Haslbeck

et al. (2022) illustrate this by generating data from the computational

model of panic disorder by Robinaugh, Haslbeck, Waldorp, Kossa-

kowski, Fried, Millner, McNally, et al. (2019) and fitting different

network models to those data. All network models have different sets

of edges, and none correspond to the causal graph of the data‐
generating computational model.

How to move forward? One opportunity is working within a

framework that makes clear assumptions and, based on those, gua-

rantees that certain inferences are valid. For example, causal dis-

covery with DAGs (Peters et al., 2017; Spirtes et al., 2000; Spirtes &

Glymour, 1991) provides such a framework, but it is submitted to

several constraints, as detailed in the section Causal inference and

Bayesian networks. A perhaps more flexible approach is to use

network models to capture phenomena, which are then used for

theory building and testing. This approach will be discussed in the

following section.

8.3 | Using network models to establish phenomena

Phenomena are robust, recurrent patterns in the real world (e.g.,

Haig, 2013). Not all phenomena require scientists or data models to

uncover; for instance, humans have the capacity for language, and

some people suffer from panic attacks. However, in many situations,

phenomena will take the form of statistical patterns such as means,

trends, variances, or—in networks—correlations, conditional corre-

lations or other associations. For example, “symptoms are usually

positively intercorrelated” is a phenomenon established through

correlational analyses, and network modeling in the last decade has

given the field a plethora of information on what these correlations

look like. Theories seek to explain phenomena, and therefore, the

third use case of network models is to establish phenomena that

theories should be able to explain, thereby creating the foundation

for developing and testing theories.

In practice, several guidelines for (formal) theory construction

have recently been proposed (Borsboom, van der Maas, et al., 2021;

Guest, 2024; Haslbeck et al., 2022; van Dongen et al., 2022). One is

the Theory Construction Methodology (Borsboom, van der Maas,

et al., 2021), which consists of five steps. Its first step is to clearly

describe the phenomena a theory aims to explain. This highlights the

value of thorough exploratory work, which, as Daniel Nettle de-

scribes, has been the groundwork for building robust theories in

other sciences: “Biology had hundreds of years of taxonomy and

natural history before it had formal phylogenetic models; geology had

detailed maps of rocks before it accepted plate tectonics; people had

been studying the motion of planets long before Newtonian me-

chanics, and so on”.3 Much of the reform movements in psychology in

the last decades can be seen as efforts to better establish whether

phenomena exist and what shape they take. Network models capture

the first two moments of a probability distribution (means and vari-

ances/covariances) and are, therefore, very well suited to capture

relatively natural phenomena. This work, for example, has led to

some evidence that participants with more severe psychopathology

may have more densely connected networks at the group level (Lee

et al., 2024).

Once a phenomenon is established, it provides clear goalposts

for theory development: a theory must be able to produce the phe-

nomenon of interest to be a viable candidate. Otherwise, the theory

needs to be adapted to produce the phenomenon. Producing phe-

nomena can be performed via formal or computational theories,

which are simulations that generate data. If the theory‐generated
data match the empirical data, the theory gets “money in the bank”

because it provides a putative explanation (Haslbeck et al., 2022;

Robinaugh et al., 2021; van Dongen et al., 2022). For example, the

computational model of panic disorder by Robinaugh, Haslbeck,

Waldorp, Kossakowski, Fried, Millner, McNally, et al. (2019) simu-

lates data from a network theory, and the simulation produces four

phenomena the theory set out to explain (e.g., realistic panic attacks).

However, the simulation does not produce a fifth phenomenon: that

some people with panic attacks never develop panic disorder,

requiring further iterations of the theory.

9 | DISCUSSION

The network framework has highlighted a critical gap in traditional

clinical research methods, which have often taken a more reduc-

tionist view. While useful in some contexts, reductionist approaches

can oversimplify the multifaceted nature of mental disorders.

Network models have emerged as a fitting response and have

offered a methodological framework that accommodates the

complexity of mental health disorders (Borsboom et al., 2022). These

models serve not only as descriptive tools but also as valuable tools

for hypothesis generation, identifying influential pathways within the

network, and opening new avenues for understanding how changes

in one aspect of the system might impact overall mental health

(Briganti, 2022).
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The evolution of statistical methods in network psychometrics

has significantly enriched the psychometrician's toolbox, providing

tools for cross‐sectional and panel data, community detection,

dimensionality reduction, and inference measures (Isvoranu

et al., 2022). Over the last few several psychological phenomena,

such as intelligence, personality, psychopathology, and attitudes,

have been reconceptualized as networks, necessitating new methods

to explore their properties: as new methods come to enrich this

toolbox, new facets of mental health constructs can be analyzed.

In this paper, we offered an overview of the current landscape of

network analysis in mental health research, bridging theoretical

network models and their empirical applications. We introduced the

most used framework: undirected network estimation in cross‐
sectional data using frequentist estimation techniques. We then

elaborated on new lines of research that are currently growing

prominently in the field: psychometric network modeling, Bayesian

estimation techniques, longitudinal models, and causal inference.

Finally, we discussed how network models can effectively enhance

the description, prediction, comprehension, and treatment of mental

health disorders, thereby enriching the field of psychopathology.

Network modeling has been proposed as an alternative to latent

variable modeling techniques commonly used in psychometrics.

Interestingly, in some cases, there can be a full correspondence be-

tween some networks and some latent variable models, including

factor and IRT models (Epskamp et al., 2021). This close relationship

allows for frameworks to be more closely linked than initially

thought. For example, EGA applied on networks can be used to

investigate the potential number of underlying latent variables

(Golino & Epskamp, 2017). Additionally, the close link readily allows

for metrics and methods from factor analysis to be applicable in

network psychometrics, such as measurement invariance testing, fit

measures, and meta‐analytic methods (Epskamp, Isvoranu, &

Cheung, 2022).

The evolution of network modeling has also seen the develop-

ment of confirmatory network modeling techniques. The ability to

perform a confirmatory fit of a pre‐defined network structure using

confirmatory network modeling allows researchers to test if a

network structure replicates and allows for a fair comparison be-

tween factor models and network models (Epskamp, Isvoranu, &

Cheung, 2022; Epskamp, Rhemtulla, & Borsboom, 2017). Further-

more, latent network modeling has been developed to address issues

such as measurement error and semantically overlapping items,

allowing researchers to model conditional independence relation-

ships between latent variables without making assumptions about

directionality or acyclicity (Epskamp, Rhemtulla, & Borsboom, 2017).

The Bayesian approach to network analysis involves two primary

questions: determining the presence or absence of an edge between

nodes and estimating the strength of the edge if it exists. This method

offers a robust framework for addressing these questions by incor-

porating prior knowledge and updating it with observed data. One

significant advantage of Bayesian methods is their ability to express

uncertainty in terms of posterior probabilities, which enhances the

generalizability and transferability of inferences. Bayesian hypothesis

testing, particularly through the use of the inclusion Bayes factor,

helps distinguish between the absence of an effect and insufficient

evidence (Huth, de Ron, et al., 2023; Marsman & Haslbeck, 2023).

Despite their strengths, Bayesian methods are computationally

intensive and require careful specification of prior distributions.

Understanding how processes unfold over time and within an

individual is central to network theory and is impossible when relying

solely on cross‐sectional data. Longitudinal data allows network

edges to encode different types of information and provide insights

into how variables interact over time (Blanchard et al., 2023). Various

estimation techniques, such as the multilevel graphical vector‐
autoregressive network model, offer three types of model outputs:

temporal networks, contemporaneous networks, and between‐
person networks. Temporal networks encode relationships between

variables over time, contemporaneous networks encode relationships

within the same measurement window, and between‐person net-

works encode relationships between a person's typical levels of each

node across time. Such models are stationary, meaning their prop-

erties do not change over time, which is a strong assumption to

impose on a psychological system. This limitation has led to the

development of time‐varying network models, which can capture

network changes over time, and rate of change network models,

which provide insight into how symptoms change together over time

(Bringmann, 2024).

The comparison of idiographic network structures to identify

individual differences in symptom dynamics is a growing area of in-

terest. However, traditional methods such as visual inspection, cor-

relation computation, and multilevel data analysis techniques like

mlVAR cannot directly test for (in)equalities between idiographic

network structures. This limitation can lead to erroneous conclusions

about individual differences. The Individual Network Invariance Test

(INIT) addresses this by comparing models assuming network

equality against those allowing for heterogeneity, thus providing a

more rigorous testing framework. INIT enhances the reliability of

conclusions by ensuring that variance within data is attributed to

individual differences only when there is sufficient evidence (Hoek-

stra et al., 2024; van der Tuin et al., 2023).

Rate‐of‐change network models assess how symptoms change

together over time, using first‐order derivatives (velocity) to capture

the dynamics. These models are robust to missing data and can

capture nonlinear relationships between symptoms. They offer

valuable insights into the conditional relationships between symp-

toms as they evolve, allowing for monitoring at individual, group, and

sample levels. This approach is particularly useful for understanding

the specific effects of interventions on symptom dynamics over time

(Golino et al., 2022).

NIA combines network analysis with experimental research to

investigate symptom‐specific treatment effects (Bringmann

et al., 2022). By incorporating a treatment allocation variable into the

network, NIA allows for the differentiation between direct and in-

direct treatment effects (Blanken et al., 2019). This methodology has

been applied to contrast active treatment conditions, revealing

unique patterns in symptom targeting that align with theoretical
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underpinnings. NIA offers new ways to investigate treatment mech-

anisms and can be adapted to various experimental designs, vari-

ables, and model types.

Bayesian Networks associate a probability distribution with a

DAG, where nodes represent random variables, and edges indicate

conditional dependencies. BNs are computationally efficient and

allow for studying specific symptoms from their local distributions.

They also bridge from probability to causality by identifying v‐
structures as patterns of causal effects (Briganti et al., 2023). Using

BNs as causal network models requires careful consideration of

several essential conditions, including accurate reflection of under-

lying causal relationships, representative data, and critical examina-

tion of theoretical assumptions. The estimation of BNs integrates

observed data with prior beliefs, using Bayesian inference to deter-

mine which edges are supported by the information available and to

estimate the values of network parameters. BN inference involves

drawing conclusions from the network through belief updating or

causal reasoning, providing significant insights into the dependence

and causal structure of symptoms. Even without a strict causal

interpretation, BNs hold value in terms of hypotheses generation in

psychopathology (Briganti, 2022).

Network models can serve as theories of psychopathology, rep-

resenting the behavioral, cognitive, physical, and social components

underlying mental health issues and their interrelations. The ade-

quacy of network models as theories depends on their ability to

represent the target system accurately. When there is a mismatch

between the data used to estimate the network model and the

phenomena theories seek to explain, or when network models cannot

produce phenomena of interest, they may provide poor representa-

tions of target systems (Fried, 2020). Nevertheless, network models

can inform theories by helping with inferences about the inner

workings of a system (Robinaugh, Haslbeck, Waldorp, Kossakowski,

Fried, Millner, McNally, et al., 2019). They can capture phenomena

that theories should be able to explain, thereby providing clear

goalposts for theory development (Haslbeck et al., 2022). This

approach involves establishing phenomena through thorough

exploratory work and using formal or computational theories to

simulate and match empirical data, thereby iteratively refining the

theory.

The integration of network analysis into mental health research

represents a significant advancement in understanding the

complexity of mental disorders: by moving beyond reductionist ap-

proaches and embracing the interconnected nature of bio-

psychosocial systems, network models offer a robust framework for

exploring, describing, and intervening in mental health. This paper

has highlighted the theoretical foundations, methodological in-

novations, and practical applications of network models in mental

health research. As the field continues to evolve, the ongoing

refinement and validation of these models will be at the methodo-

logical core of advancing our understanding and treatment of mental

health disorders.
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ENDNOTES
1 See, for example, Huth, de Ron, et al., 2023, Huth, Keetelaar,

et al., 2023; Sekulovski, Keetelaar, Haslbeck, and Marsman, 2023 for

more detailed discussions of the different types of network structure

priors that are currently available.

2 In the case of DAGs, three hypotheses can be considered instead (for

A ← B, A → B and no edge).

3 https://leotiokhin.medium.com/theories‐and‐models‐are‐not‐the‐only‐
fruit‐a05c7cf188f6

REFERENCES

Acito, F., & Anderson, R. D. (1986). A simulation study of factor score in-

determinacy. Journal of Marketing Research, 23(2), 111–118. https://
doi.org/10.2307/3151658

Adolf, J. K., Voelkle, M. C., Brose, A., & Schmiedek, F. (2017). Capturing

context‐related change in emotional dynamics via fixed moderated

time series analysis. Multivariate Behavioral Research, 52(4), 499–531.
https://doi.org/10.1080/00273171.2017.1321978

Albers, C. J., & Bringmann, L. F. (2020). Inspecting gradual and abrupt

changes in emotion dynamics with the time‐varying change point

autoregressive model. European Journal of Psychological Assessment,
36(3), 492–499. https://doi.org/10.1027/1015‐5759/a000589

Bernasconi, A., Zanga, A., Lucas, P. J. F., Scutari, M., & Stella, F. (2023).

Towards a transportable causal network model based on obser-

vational healthcare data. In Proceedings of the 2nd workshop on
artificial intelligence for healthcare, 22nd international conference of
the Italian association for artificial intelligence (AIxIA 2023) (pp.

67–82).

Bernstein, E. E., Phillips, K. A., Greenberg, J. L., Curtiss, J., Hoeppner,

S. S., & Wilhelm, S. (2023). Mechanisms of cognitive‐behavioral
therapy effects on symptoms of body dysmorphic disorder: A

network intervention analysis. Psychological Medicine, 53(6), 2531–
2539. https://doi.org/10.1017/s0033291721004451

Blanchard, M. A., Contreras, A., Kalkan, R. B., & Heeren, A. (2023).

Auditing the research practices and statistical analyses of the group‐
level temporal network approach to psychological constructs: A

systematic scoping review. Behavior Research Methods, 55(2), 767–
787. https://doi.org/10.3758/s13428‐022‐01839‐y

Blanken, T. F., Isvoranu, A.‐M., & Epskamp, S. (2022). Estimating network

structures using model selection. In Network psychometrics with r (pp.
111–132). Routledge.

Blanken, T. F., Jansson‐Fröjmark, M., Sunnhed, R., & Lancee, J. (2021).

Symptom‐specific effects of cognitive therapy and behavior therapy

for insomnia: A network intervention analysis. Journal of Consulting
and Clinical Psychology, 89(4), 364–370. https://doi.org/10.1037/
ccp0000625

Blanken, T. F., Van Der Zweerde, T., Van Straten, A., Van Someren, E. J.,

Borsboom, D., & Lancee, J. (2019). Introducing network intervention

analysis to investigate sequential, symptom‐specific treatment ef-

fects: A demonstration in co‐occurring insomnia and depression.

Psychotherapy and Psychosomatics, 88(1), 52–54. https://doi.org/10.
1159/000495045

Boker, S. M., Tiberio, S. S., & Moulder, R. G. (2018). Robustness of time

delay embedding to sampling interval misspecification. In K. van

Montfort, J. H. L. Oud, & M. C. Voelkle (Eds.), Continuous time
modeling in the behavioral and related sciences (pp. 239–258).

Springer. https://doi.org/10.1007/978‐3‐319‐77219‐6\text{\_}10
Borsboom, D. (2017a). Mental disorders, network models, and dynamical

systems. In Philosophical issues in psychiatry IV: Psychiatric nosology
DSM‐5 (international perspectives in philosophy and psychiatry) (pp. 80–
97). Oxford University Press.

Borsboom, D. (2017b). A network theory of mental disorders. World
Psychiatry, 16(1), 5–13. https://doi.org/10.1002/wps.20375

Borsboom, D., & Cramer, A. O. (2013). Network analysis: An integrative

approach to the structure of psychopathology. Annual Review of
Clinical Psychology, 9(1), 91–121. https://doi.org/10.1146/annurev‐
clinpsy‐050212‐185608

Borsboom, D., Deserno, M. K., Rhemtulla, M., Epskamp, S., Fried, E. I.,

McNally, R. J., Robinaugh, D. J., Perugini, M., Dalege, J., Costantini,

G., Isvoranu, A. M., Wysocki, A. C., van Borkulo, C. D., van Bork, R., &

Waldorp, L. J. (2021a). Network analysis of multivariate data in

psychological science. Nature Reviews Methods Primers, 1(1), 58.

https://doi.org/10.1038/s43586‐021‐00055‐w
Borsboom, D., Haslbeck, J. M. B., & Robinaugh, D. J. (2022). Systems‐based

approaches to mental disorders are the only game in town. World
Psychiatry, 21(3), 420–422. https://doi.org/10.1002/wps.21004

Borsboom, D., van der Maas, H. L., Dalege, J., Kievit, R. A., & Haig, B. D.

(2021b). Theory construction methodology: A practical framework

for building theories in psychology. Perspectives on Psychological
Science, 16(4), 756–766. https://doi.org/10.1177/174569162096
9647

Boschloo, L., Bekhuis, E., Weitz, E. S., Reijnders, M., DeRubeis, R. J.,

Dimidjian, S., Dunner, D. L., Dunlop, B. W., Hegerl, U., Hollon, S. D.,

Jarrett, R. B., Kennedy, S. H., Miranda, J., Mohr, D., Simons, A. D.,

Parker, G., Petrak, F., Herpertz, S., Quilty, L. C., …, & Cuijpers, P.

(2019a). The symptom‐specific efficacy of antidepressant medica-

tion vs. cognitive behavioral therapy in the treatment of depression:

Results from an individual patient data meta‐analysis. World Psy-
chiatry, 18(2), 183–191. https://doi.org/10.1002/wps.20630

Boschloo, L., Cuijpers, P., Karyotaki, E., Berger, T., Moritz, S., Meyer, B., &

Klein, J. P. (2019b). Symptom‐specific effectiveness of an internet‐
based intervention in the treatment of mild to moderate depres-

sive symptomatology: The potential of network estimation tech-

niques. Behaviour Research and Therapy, 122, 103440. https://doi.
org/10.1016/j.brat.2019.103440

Briganti, G. (2022). On the use of bayesian artificial intelligence for hy-

pothesis generation in psychiatry. Psychiatria Danubina, 34(8),
201–206.

Briganti, G., Kempenaers, C., Braun, S., Fried, E. I., & Linkowski, P. (2018).

Network analysis of empathy items from the interpersonal reactivity

index in 1973 young adults. Psychiatry Research, 265, 87–92. https://
doi.org/10.1016/j.psychres.2018.03.082

BRIGANTI ET AL. - 19 of 24

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-4038-3363
https://orcid.org/0000-0002-4038-3363
https://orcid.org/0000-0002-2151-7266
https://orcid.org/0000-0002-2151-7266
https://orcid.org/0000-0003-2997-0556
https://orcid.org/0000-0003-2997-0556
https://orcid.org/0000-0002-9798-7037
https://orcid.org/0000-0002-9798-7037
https://orcid.org/0000-0001-5980-4538
https://orcid.org/0000-0001-5980-4538
https://orcid.org/0000-0002-8335-2217
https://orcid.org/0000-0002-8335-2217
https://orcid.org/0000-0001-6610-5452
https://orcid.org/0000-0001-6610-5452
https://orcid.org/0000-0003-0553-6149
https://orcid.org/0000-0003-0553-6149
https://orcid.org/0000-0001-7226-3836
https://orcid.org/0000-0001-7226-3836
https://orcid.org/0000-0002-8091-9935
https://orcid.org/0000-0002-8091-9935
https://orcid.org/0000-0002-0662-1591
https://orcid.org/0000-0002-0662-1591
https://orcid.org/0000-0001-9096-7837
https://orcid.org/0000-0001-9096-7837
https://orcid.org/0000-0003-1731-0251
https://orcid.org/0000-0003-1731-0251
https://orcid.org/0000-0003-1492-7424
https://orcid.org/0000-0003-1492-7424
https://orcid.org/0000-0001-7469-594X
https://orcid.org/0000-0001-7469-594X
https://leotiokhin.medium.com/theories-and-models-are-not-the-only-fruit-a05c7cf188f6
https://leotiokhin.medium.com/theories-and-models-are-not-the-only-fruit-a05c7cf188f6
https://doi.org/10.2307/3151658
https://doi.org/10.2307/3151658
https://doi.org/10.1080/00273171.2017.1321978
https://doi.org/10.1027/1015-5759/a000589
https://doi.org/10.1017/s0033291721004451
https://doi.org/10.3758/s13428-022-01839-y
https://doi.org/10.1037/ccp0000625
https://doi.org/10.1037/ccp0000625
https://doi.org/10.1159/000495045
https://doi.org/10.1159/000495045
https://doi.org/10.1007/978-3-319-77219-6%5Ctext%7B%5C_%7D10
https://doi.org/10.1002/wps.20375
https://doi.org/10.1146/annurev-clinpsy-050212-185608
https://doi.org/10.1146/annurev-clinpsy-050212-185608
https://doi.org/10.1038/s43586-021-00055-w
https://doi.org/10.1002/wps.21004
https://doi.org/10.1177/1745691620969647
https://doi.org/10.1177/1745691620969647
https://doi.org/10.1002/wps.20630
https://doi.org/10.1016/j.brat.2019.103440
https://doi.org/10.1016/j.brat.2019.103440
https://doi.org/10.1016/j.psychres.2018.03.082
https://doi.org/10.1016/j.psychres.2018.03.082
https://orcid.org/0000-0002-4038-3363
https://orcid.org/0000-0002-2151-7266
https://orcid.org/0000-0003-2997-0556
https://orcid.org/0000-0002-9798-7037
https://orcid.org/0000-0001-5980-4538
https://orcid.org/0000-0002-8335-2217
https://orcid.org/0000-0001-6610-5452
https://orcid.org/0000-0003-0553-6149
https://orcid.org/0000-0001-7226-3836
https://orcid.org/0000-0002-8091-9935
https://orcid.org/0000-0002-0662-1591
https://orcid.org/0000-0001-9096-7837
https://orcid.org/0000-0003-1731-0251
https://orcid.org/0000-0003-1492-7424
https://orcid.org/0000-0001-7469-594X


Briganti, G., Scutari, M., & McNally, R. J. (2023). A tutorial on bayesian

networks for psychopathology researchers. Psychological Methods,
28(4), 947–961. https://doi.org/10.1037/met0000479

Bringmann, L. F. (2021). Person‐specific networks in psychopathology:

Past, present, and future. Current opinion in psychology, 41, 59–64.
https://doi.org/10.1016/j.copsyc.2021.03.004

Bringmann, L. F. (2024). The future of dynamic networks in research and

clinical practice.World Psychiatry, 23(2), 288–289. https://doi.org/10.
1002/wps.21209

Bringmann, L. F., Albers, C., Bockting, C., Borsboom, D., Ceulemans, E.,

Cramer, A., Epskamp, S., Eronen, M. I., Hamaker, E., Kuppens, P., Lutz,

W., McNally, R. J., Molenaar, P., Tio, P., Voelkle, M. C., & Wichers, M.

(2022). Psychopathological networks: Theory, methods and practice.

Behaviour Research and Therapy, 149, 104011. https://doi.org/10.
1016/j.brat.2021.104011

Bringmann, L. F., Ariens, S., Ernst, A. F., Snippe, E., & Ceulemans, E. (2024).

Changing networks: Moderated idiographic psychological networks.

advances. in/psychology, 2, e658296. https://doi.org/10.56296/
aip00014

Bringmann, L. F., Elmer, T., Epskamp, S., Krause, R. W., Schoch, D., Wichers,

M., Wigman, J. T., & Snippe, E. (2019). What do centrality measures

measure in psychological networks? Journal of Abnormal Psychology,
128(8), 892–903. https://doi.org/10.1037/abn0000446

Bringmann, L. F., Ferrer, E., Hamaker, E. L., Borsboom, D., & Tuerlinckx, F.

(2018). Modeling nonstationary emotion dynamics in dyads using a

time‐varying vector‐autoregressive model. Multivariate Behavioral
Research, 53(3), 293–314. https://doi.org/10.1080/00273171.2018.
1439722

Bringmann, L. F., Hamaker, E. L., Vigo, D. E., Aubert, A., Borsboom, D., &

Tuerlinckx, F. (2017). Changing dynamics: Time‐varying autore-

gressive models using generalized additive modeling. Psychological
Methods, 22(3), 409–425. https://doi.org/10.1037/met0000085

Bringmann, L. F., Helmich, M., Eronen, M., & Voelkle, M. (2023). Complex

systems approaches to psychopathology. Oxford Textbook of psy-
chopathology, 4, 103–122. https://doi.org/10.1093/med‐psych/
9780197542521.003.0005

Bringmann, L. F., Vissers, N., Wichers, M., Geschwind, N., Kuppens, P.,

Peeters, F., Borsboom, D., & Tuerlinckx, F. (2013). A network

approach to psychopathology: New insights into clinical longitudinal

data. PLoS One, 8(4), e60188. https://doi.org/10.1371/journal.pone.
0060188

Burger, J., Hoekstra, R. H. A., Mansueto, A. C., & Epskamp, S. (2022b).

Network estimation from time series and panel data. In Network
psychometrics with r (pp. 169–192). Routledge.

Burger, J., Isvoranu, A., Lunansky, G., Haslbeck, J., Epskamp, S., Hoekstra,

R. H. A., Fried, E. I., Borsboom, D., & Blanken, T. (2022a). Reporting

standards for psychological network analyses in cross‐sectional
data. Psychological Methods, 28(4), 806–824. https://doi.org/10.
1037/met0000471

Cabrieto, J., Tuerlinckx, F., Kuppens, P., Hunyadi, B., & Ceulemans, E.

(2018). Testing for the presence of correlation changes in a multi-

variate time series: A permutation based approach. Scientific Reports,
8(1), 769. https://doi.org/10.1038/s41598‐017‐19067‐2

Cheung, M. W.‐L. (2015). Metasem: An r package for meta‐analysis using

structural equation modeling. Frontiers in Psychology, 5, 120910.

https://doi.org/10.3389/fpsyg.2014.01521

Cheung, M. W.‐L., & Chan, W. (2005). Meta‐analytic structural equation

modeling: A two‐stage approach. Psychological Methods, 10(1), 40–
64. https://doi.org/10.1037/1082‐989x.10.1.40

Christensen, A. P., Garrido, L. E., & Golino, H. F. (2023). Unique variable

analysis: A network psychometrics method to detect local depen-

dence. Multivariate Behavioral Research, 58(6), 1165–1182. https://
doi.org/10.1080/00273171.2023.2194606

Christensen, A. P., & Golino, H. F. (2021). On the equivalency of factor and

network loadings. Behavior Research Methods, 53(4), 1563–1580.

https://doi.org/10.3758/s13428‐020‐01500‐6
Colombo, D., & Maathuis, M. H. (2014). Order‐independent constraint‐

based causal structure learning. Journal of Machine Learning
Research, 15, 3921–3962.

Costantini, G., Epskamp, S., Borsboom, D., Perugini, M., Mõttus, R., Wal-

dorp, L. J., & Cramer, A. O. (2015). State of the art personality

research: A tutorial on network analysis of personality data in r.

Journal of Research in Personality, 54, 13–29. https://doi.org/10.1016/
j.jrp.2014.07.003

Costantini, G., & Perugini, M. (2012). The definition of components and

the use of formal indexes are key steps for a successful application

of network analysis in personality psychology. European Journal of
Personality, 26(4), 434–435. https://doi.org/10.1002/per.1869

Costantini, G., & Perugini, M. (2018). A framework for testing causality in

personality research. European Journal of Personality, 32(3), 254–268.
https://doi.org/10.1002/per.2150

Costantini, G., Richetin, J., Preti, E., Casini, E., Epskamp, S., & Perugini, M.

(2019). Stability and variability of personality networks. a tutorial on

recent developments in network psychometrics. Personality and In-
dividual Differences, 136, 68–78. https://doi.org/10.1016/j.paid.2017.
06.011

Cramer, A. O., Van Borkulo, C. D., Giltay, E. J., Van Der Maas, H. L.,

Kendler, K. S., Scheffer, M., & Borsboom, D. (2016). Major depression

as a complex dynamic system. PLoS One, 11(12), e0167490. https://
doi.org/10.1371/journal.pone.0167490

Cramer, A. O., Van der Sluis, S., Noordhof, A., Wichers, M., Geschwind, N.,

Aggen, S. H., Kendler, K. S., & Borsboom, D. (2012). Dimensions of

normal personality as networks in search of equilibrium: You can’t

like parties if you don’t like people. European Journal of Personality,
26(4), 414–431. https://doi.org/10.1002/per.1866

Curran, P. J., & Bauer, D. J. (2011). The disaggregation of within‐person
and between‐person effects in longitudinal models of change.

Annual Review of Psychology, 62(1), 583–619. https://doi.org/10.
1146/annurev.psych.093008.100356

Dablander, F., Pichler, A., Cika, A., & Bacilieri, A. (2022). Anticipating

critical transitions in psychological systems using early warning

signals: Theoretical and practical considerations. Psychological
Methods, 28(4), 765–790. https://doi.org/10.1037/met0000450

Dalege, J., Borsboom, D., Van Harreveld, F., Van den Berg, H., Conner,

M., & Van der Maas, H. L. (2016). Toward a formalized account of

attitudes: The causal attitude network (can) model. Psychological
Review, 123(1), 2–22. https://doi.org/10.1037/a0039802

Davies, W., & Roache, R. (2017). Reassessing biopsychosocial psychiatry.

The British Journal of Psychiatry, 210(1), 3–5. https://doi.org/10.1192/
bjp.bp.116.182873

Deboeck, P. R., Montpetit, M. A., Bergeman, C., & Boker, S. M. (2009).

Using derivative estimates to describe intraindividual variability at

multiple time scales. Psychological Methods, 14(4), 367–386. https://
doi.org/10.1080/00273171.2010.498294

De Haan‐Rietdijk, S., Gottman, J. M., Bergeman, C. S., & Hamaker, E. L.

(2016). Get over it! a multilevel threshold autoregressive model for

state‐dependent affect regulation. Psychometrika, 81(1), 217–241.

https://doi.org/10.1007/s11336‐014‐9417‐x
de Haan‐Rietdijk, S., Kuppens, P., Bergeman, C. S., Sheeber, L., Allen, N., &

Hamaker, E. (2017). On the use of mixed Markov models for

intensive longitudinal data. Multivariate Behavioral Research, 52(6),
747–767. https://doi.org/10.1080/00273171.2017.1370364

de Ron, J., Robinaugh, D. J., Fried, E. I., Pedrelli, P., Jain, F. A., Mischoulon,

D., & Epskamp, S. (2022). Quantifying and addressing the impact of

measurement error in network models. Behaviour Research and
Therapy, 157, 104163. https://doi.org/10.1016/j.brat.2022.104163

20 of 24 - BRIGANTI ET AL.

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1037/met0000479
https://doi.org/10.1016/j.copsyc.2021.03.004
https://doi.org/10.1002/wps.21209
https://doi.org/10.1002/wps.21209
https://doi.org/10.1016/j.brat.2021.104011
https://doi.org/10.1016/j.brat.2021.104011
https://doi.org/10.56296/aip00014
https://doi.org/10.56296/aip00014
https://doi.org/10.1037/abn0000446
https://doi.org/10.1080/00273171.2018.1439722
https://doi.org/10.1080/00273171.2018.1439722
https://doi.org/10.1037/met0000085
https://doi.org/10.1093/med-psych/9780197542521.003.0005
https://doi.org/10.1093/med-psych/9780197542521.003.0005
https://doi.org/10.1371/journal.pone.0060188
https://doi.org/10.1371/journal.pone.0060188
https://doi.org/10.1037/met0000471
https://doi.org/10.1037/met0000471
https://doi.org/10.1038/s41598-017-19067-2
https://doi.org/10.3389/fpsyg.2014.01521
https://doi.org/10.1037/1082-989x.10.1.40
https://doi.org/10.1080/00273171.2023.2194606
https://doi.org/10.1080/00273171.2023.2194606
https://doi.org/10.3758/s13428-020-01500-6
https://doi.org/10.1016/j.jrp.2014.07.003
https://doi.org/10.1016/j.jrp.2014.07.003
https://doi.org/10.1002/per.1869
https://doi.org/10.1002/per.2150
https://doi.org/10.1016/j.paid.2017.06.011
https://doi.org/10.1016/j.paid.2017.06.011
https://doi.org/10.1371/journal.pone.0167490
https://doi.org/10.1371/journal.pone.0167490
https://doi.org/10.1002/per.1866
https://doi.org/10.1146/annurev.psych.093008.100356
https://doi.org/10.1146/annurev.psych.093008.100356
https://doi.org/10.1037/met0000450
https://doi.org/10.1037/a0039802
https://doi.org/10.1192/bjp.bp.116.182873
https://doi.org/10.1192/bjp.bp.116.182873
https://doi.org/10.1080/00273171.2010.498294
https://doi.org/10.1080/00273171.2010.498294
https://doi.org/10.1007/s11336-014-9417-x
https://doi.org/10.1080/00273171.2017.1370364
https://doi.org/10.1016/j.brat.2022.104163


Ebrahimi, O. V. (2023). Systems‐based thinking in psychology and the

mental health sciences. Nature Reviews Psychology, 2(6), 332. https://
doi.org/10.1038/s44159‐023‐00193‐w

Ebrahimi, O. V., Borsboom, D., Hoekstra, R. H. A., Epskamp, S., Ostinelli,

E. G., Bastiaansen, J. A., & Cipriani, A. (2024). Towards precision in

the diagnostic profiling of patients: Leveraging symptom dynamics as

a clinical characterisation dimension in the assessment of major

depressive disorder. British Journal of Psychiatry, 224(5), 157–163.
https://doi.org/10.1192/bjp.2024.19

Elliott‐Graves, A. (2014). The role of target systems in scientific practice.

Epskamp, S. (2020). Psychometric network models from time‐series and

panel data. Psychometrika, 85(1), 206–231. https://doi.org/10.1007/
s11336‐020‐09697‐3

Epskamp, S., Borsboom, D., & Fried, E. I. (2018a). Estimating psychological

networks and their accuracy: A tutorial paper. Behavior Research
Methods, 50(1), 195–212. https://doi.org/10.3758/s13428‐017‐
0862‐1

Epskamp, S., & Fried, E. I. (2018). A tutorial on regularized partial corre-

lation networks. Psychological Methods, 23(4), 617–634. https://doi.
org/10.1037/met0000167

Epskamp, S., Fried, E. I., van Borkulo, C. D., Robinaugh, D. J., Marsman, M.,

Dalege, J., Rhemtulla, M., & Cramer, A. O. (2021). Investigating the

utility of fixed‐margin sampling in network psychometrics. Multi-
variate Behavioral Research, 56(2), 314–328. https://doi.org/10.1080/
00273171.2018.1489771

Epskamp, S., Haslbeck, J. M. B., Isvoranu, A.‐M., & Borkulo, C. D. V.

(2022a). Pairwise Markov random fields. In Network psychometrics
with R (pp. 93–110). Routledge.

Epskamp, S., Hoekstra, R. H. A., Burger, J., & Waldorp, L. J. (2022b).

Longitudinal design choices: Relating data to analysis. In Network
psychometrics with R (pp. 157–168). Routledge.

Epskamp, S., Isvoranu, A.‐M., & Cheung, M. W.‐L. (2022c). Meta‐analytic
Gaussian network aggregation. Psychometrika, 87(1), 12–46.

https://doi.org/10.1007/s11336‐021‐09764‐3
Epskamp, S., Kruis, J., & Marsman, M. (2017a). Estimating psychopatho-

logical networks: Be careful what you wish for. PLoS One, 12(6),
e0179891. https://doi.org/10.1371/journal.pone.0179891

Epskamp, S., Rhemtulla, M., & Borsboom, D. (2017b). Generalized network

psychometrics: Combining network and latent variable models.

Psychometrika, 82(4), 904–927. https://doi.org/10.1007/s11336‐
017‐9557‐x

Epskamp, S., van Borkulo, C. D., van der Veen, D. C., Servaas, M. N.,

Isvoranu, A.‐M., Riese, H., & Cramer, A. O. (2018b). Personalized

network modeling in psychopathology: The importance of contem-

poraneous and temporal connections. Clinical Psychological Science,
6(3), 416–427. https://doi.org/10.1177/2167702617744325

Epskamp, S., Waldorp, L. J., Mõttus, R., & Borsboom, D. (2018c). The

Gaussian graphical model in cross‐sectional and time‐series data.

Multivariate Behavioral Research, 53(4), 453–480. https://doi.org/10.
1080/00273171.2018.1454823

Epstein, J. M. (2008). Why model? The Journal of Artificial Societies and
Social Simulation, 11(4), 12.

Finnemann, A., Borsboom, D., Epskamp, S., & van der Maas, H. L. (2021).

The theoretical and statistical Ising model: A practical guide in r.

Psych, 3(04), 593–617. https://doi.org/10.3390/psych3040039
Fishbein, J. N., Haslbeck, J. B., & Arch, J. J. (2023). Network intervention

analysis of anxiety‐related outcomes and processes of acceptance

and commitment therapy (act) for anxious cancer survivors. Behav-
iour Research and Therapy, 162, 104266. https://doi.org/10.1016/j.
brat.2023.104266

Fortunato, S. (2010). Community detection in graphs. Physics Reports,
486(3–5), 75–174. https://doi.org/10.1016/j.physrep.2009.11.002

Freedman, A. M. (1995). The biopsychosocial paradigm and the future of

psychiatry. Comprehensive Psychiatry, 36(6), 397–406. https://doi.
org/10.1016/s0010‐440x(95)90246‐5

Freichel, R., Skjerdingstad, N., Mansueto, A. C., Epskamp, S., Hoffart, A.,

Johnson, S. U., & Ebrahimi, O. V. (2023). Use of substances to cope

predicts posttraumatic stress disorder symptom persistence: Inves-

tigating patterns of interactions between symptoms and its main-

taining mechanisms. Psychological Trauma: Theory, Research, Practice,
and Policy. https://doi.org/10.1037/tra0001624

Fried, E. I. (2020). Lack of theory building and testing impedes progress in

the factor and network literature. Psychological Inquiry, 31(4), 271–
288. https://doi.org/10.1080/1047840x.2020.1853461

Fried, E. I. (2022). Studying mental health problems as systems, not syn-

dromes. Current Directions in Psychological Science, 31(6), 500–508.
https://doi.org/10.1177/09637214221114089

Fried, E. I., & Cramer, A. O. (2017). Moving forward: Challenges and di-

rections for psychopathological network theory and methodology.

Perspectives on Psychological Science, 12(6), 999–1020. https://doi.
org/10.1177/1745691617705892

Fried, E. I., Eidhof, M., Palic, S., Costantini, G., Huisman‐van Dijk, H. M.,

Bockting, C. L. H., Engelhard, I., Armour, C., Nielsen, A. B. S., &

Karstoft, K. (2018). Replicability and generalizability of post-

traumatic stress disorder (PTSD) networks: A cross‐cultural multi-

site study of PTSD symptoms in four trauma patient samples. Clinical
Psychological Science, 6(3), 335–351. https://doi.org/10.1177/
2167702617745092

Fried, E. I., Epskamp, S., Veenman, M., & van Borkulo, C. D. (2022).

Network stability, comparison, and replicability. In Network psycho-
metrics with r (pp. 133–153). Routledge.

Fried, E. I., van Borkulo, C. D., Cramer, A. O., Boschloo, L., Schoevers,

R. A., & Borsboom, D. (2017). Mental disorders as networks of

problems: A review of recent insights. Social Psychiatry and Psychi-
atric Epidemiology, 52, 1–10. https://doi.org/10.1007/s00127‐016‐
1319‐z

Gibberd, A. J., & Nelson, J. D. (2017). Regularized estimation of piecewise

constant Gaussian graphical models: The group‐fused graphical

lasso. Journal of Computational & Graphical Statistics, 26(3), 623–634.
https://doi.org/10.1080/10618600.2017.1302340

Golino, H. F., Christensen, A. P., Moulder, R., Kim, S., & Boker, S. M. (2022).

Modeling latent topics in social media using dynamic exploratory

graph analysis: The case of the right‐wing and left‐wing trolls in the

2016 us elections. Psychometrika, 87(1), 156–187. https://doi.org/10.
1007/s11336‐021‐09820‐y

Golino, H. F., & Epskamp, S. (2017). Exploratory graph analysis: A new

approach for estimating the number of dimensions in psychological

research. PLoS One, 12(6), e0174035. https://doi.org/10.1371/
journal.pone.0174035

Guest, O. (2024). What makes a good theory, and how do we make a

theory good? Computational Brain & Behavior, 1–15. https://doi.org/
10.1007/s42113‐023‐00193‐2

Haig, B. D. (2013). Detecting psychological phenomena: Taking bottom‐up
research seriously. American Journal of Psychology, 126(2), 135–153.
https://doi.org/10.5406/amerjpsyc.126.2.0135

Hamaker, E. L. (2012). Why researchers should think” within‐person”: A
paradigmatic rationale.

Hamaker, E. L., Grasman, R. P., & Kamphuis, J. H. (2016). Modeling bas

dysregulation in bipolar disorder: Illustrating the potential of time

series analysis. Assessment, 23(4), 436–446. https://doi.org/10.1177/
1073191116632339

Hamaker, E. L., Kuiper, R. M., & Grasman, R. P. (2015). A critique of the

cross‐lagged panel model. Psychological Methods, 20(1), 102–116.

https://doi.org/10.1037/a0038889

Hamaker, E. L., Zhang, Z., & van der Maas, H. L. (2009). Using threshold

autoregressive models to study dyadic interactions. Psychometrika,
74(4), 727–745. https://doi.org/10.1007/s11336‐009‐9113‐4

Haslbeck, J. M., & Ryan, O. (2022). Recovering within‐person dynamics

from psychological time series. Multivariate Behavioral Research,
57(5), 735–766. https://doi.org/10.1080/00273171.2021.1896353

BRIGANTI ET AL. - 21 of 24

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1038/s44159-023-00193-w
https://doi.org/10.1038/s44159-023-00193-w
https://doi.org/10.1192/bjp.2024.19
https://doi.org/10.1007/s11336-020-09697-3
https://doi.org/10.1007/s11336-020-09697-3
https://doi.org/10.3758/s13428-017-0862-1
https://doi.org/10.3758/s13428-017-0862-1
https://doi.org/10.1037/met0000167
https://doi.org/10.1037/met0000167
https://doi.org/10.1080/00273171.2018.1489771
https://doi.org/10.1080/00273171.2018.1489771
https://doi.org/10.1007/s11336-021-09764-3
https://doi.org/10.1371/journal.pone.0179891
https://doi.org/10.1007/s11336-017-9557-x
https://doi.org/10.1007/s11336-017-9557-x
https://doi.org/10.1177/2167702617744325
https://doi.org/10.1080/00273171.2018.1454823
https://doi.org/10.1080/00273171.2018.1454823
https://doi.org/10.3390/psych3040039
https://doi.org/10.1016/j.brat.2023.104266
https://doi.org/10.1016/j.brat.2023.104266
https://doi.org/10.1016/j.physrep.2009.11.002
https://doi.org/10.1016/s0010-440x(95)90246-5
https://doi.org/10.1016/s0010-440x(95)90246-5
https://doi.org/10.1037/tra0001624
https://doi.org/10.1080/1047840x.2020.1853461
https://doi.org/10.1177/09637214221114089
https://doi.org/10.1177/1745691617705892
https://doi.org/10.1177/1745691617705892
https://doi.org/10.1177/2167702617745092
https://doi.org/10.1177/2167702617745092
https://doi.org/10.1007/s00127-016-1319-z
https://doi.org/10.1007/s00127-016-1319-z
https://doi.org/10.1080/10618600.2017.1302340
https://doi.org/10.1007/s11336-021-09820-y
https://doi.org/10.1007/s11336-021-09820-y
https://doi.org/10.1371/journal.pone.0174035
https://doi.org/10.1371/journal.pone.0174035
https://doi.org/10.1007/s42113-023-00193-2
https://doi.org/10.1007/s42113-023-00193-2
https://doi.org/10.5406/amerjpsyc.126.2.0135
https://doi.org/10.1177/1073191116632339
https://doi.org/10.1177/1073191116632339
https://doi.org/10.1037/a0038889
https://doi.org/10.1007/s11336-009-9113-4
https://doi.org/10.1080/00273171.2021.1896353


Haslbeck, J.M.,&Waldorp, L. J. (2018).Howwell donetworkmodels predict

observations? On the importance of predictability in networkmodels.

Behavior Research Methods, 50(2), 853–861. https://doi.org/10.3758/
s13428‐017‐0910‐x

Haslbeck, J. M. B. (2022). Estimating group differences in network models

using moderation analysis. Behavior Research Methods, 54(1), 522–
540. https://doi.org/10.3758/s13428‐021‐01637‐y

Haslbeck, J. M. B., Bringmann, L. F., & Waldorp, L. J. (2021). A tutorial on

estimating time‐varying vector autoregressive models. Multivariate
Behavioral Research, 56(1), 120–149. https://doi.org/10.1080/
00273171.2020.1743630

Haslbeck, J. M. B., Ryan, O., van der Maas, H. L., & Waldorp, L. J. (2022).

Modeling change in networks. In Network psychometrics with R (pp.

193–209). Routledge.

Haslbeck, J. M. B., & Waldorp, L. J. (2015). Mgm: Estimating time‐varying
mixed graphical models in high‐dimensional data. arXiv. preprint

arXiv:1510.06871.

Haslbeck, J. M. B., & Waldorp, L. J. (2020). Mgm: Estimating time‐varying
mixed graphical models in high‐dimensional data. Journal of Statistical
Software, 93(8), 1–46. https://doi.org/10.18637/jss.v093.i08

Henry, T. R., Robinaugh, D. J., & Fried, E. I. (2021). On the control of

psychological networks. Psychometrika, 87(1), 188–213. https://doi.
org/10.1007/s11336‐021‐09796‐9

Hinne, M., Gronau, Q. F., van den Bergh, D., & Wagenmakers, E.‐J. (2020).
A conceptual introduction to bayesian model averaging. Advances in
Methods and Practices in Psychological Science, 3(2), 200–215. https://
doi.org/10.1177/2515245919898657

Hoekstra, R. H. A., Epskamp, S., & Borsboom, D. (2023). Heterogeneity in

individual network analysis: Reality or illusion? Multivariate Behav-
ioral Research, 58(4), 762–786. https://doi.org/10.1080/00273171.
2022.2128020

Hoekstra, R. H. A., Epskamp, S., Nierenberg, A. A., Borsboom, D., &McNally,

R. J. (2024). Testing similarity in longitudinal networks: The individual

network invariance test [advance online publication]. Psychological
Methods.

Hoeting, J. A., Madigan, D., Raftery, A. E., & Volinsky, C. T. (1999).

Bayesian model averaging: A tutorial. Statistical Science, 14(4), 382–
417. https://doi.org/10.1214/ss/1009212519

Hoffart, A., Skjerdingstad, N., Freichel, R., Mansueto, A. C., Johnson, S. U.,

Epskamp, S., & Ebrahimi, O. V. (2023). Depressive symptoms and

their mechanisms: An investigation of long‐term patterns of inter-

action through a panel‐network approach. Clinical Psychological Sci-
en ce , 21677026231208172 . h t tps : / /do i . o rg /10 .1177/

21677026231208172

Huth, K., de Ron, J., Luigjes, J., Goudriaan, A., Mohammadi, R., van Holst, R.,

Wagenmakers, E.‐J., & Marsman, M. (2023a). Bayesian analysis of

cross‐sectional networks: A tutorial in R and jasp.Advances inMethods
and Practices in Psychological Science, 6(4), 25152459231193334.

https://doi.org/10.1177/25152459231193334

Huth, K., Keetelaar, S., Sekulovski, N., van den Bergh, D., & Marsman, M.

(2023b). Simplifying bayesian analysis of graphical models for the

social sciences with easybgm: A user‐friendly R‐package (preprint).

PsyArXiv. https://doi.org/10.31234/osf.io/8f72p
Isvoranu, A.‐M., & Epskamp, S. (2022). Which estimation method to

choose in network psychometrics? Deriving guidelines for applied

researchers. Psychological Methods, 28(4), 925–946. https://doi.org/
10.1037/met0000439

Isvoranu, A.‐M., Epskamp, S., & Cheung, M. W.‐L. (2021). Network models

of posttraumatic stress disorder: A meta‐analysis. Journal of
Abnormal Psychology, 130(8), 841–861. https://doi.org/10.1037/
abn0000704

Isvoranu, A.‐M., Epskamp, S., Waldorp, L., & Borsboom, D. (2022). Network
psychometrics with r: A guide for behavioral and social scientists.
Routledge.

Jeffreys, H. (1961). Theory of probability (3rd ed.). Oxford University Press.

Jones, P. J., Ma, R., & McNally, R. J. (2021b). Bridge centrality: A network

approach to understanding comorbidity. Multivariate Behavioral
Research, 56(2), 353–367. https://doi.org/10.1080/00273171.2019.
1614898

Jones, P. J., Williams, D. R., & McNally, R. J. (2021a). Sampling variability is

not nonreplication: A bayesian reanalysis of forbes, wright, markon,

and krueger.Multivariate Behavioral Research, 56(2), 249–255. https://
doi.org/10.1080/00273171.2020.1797460

Kan, K.‐J., de Jonge, H., van der Maas, H. L., Levine, S. Z., & Epskamp, S.

(2020). How to compare psychometric factor and network models.

Journal of Inte l l igence , 8(4) , 35. https://doi .org/10.3390/

jintelligence8040035

Kass, R. E., & Raftery, A. E. (1995). Bayes factors. Journal of the American
Statistical Association, 90(430), 773–795. https://doi.org/10.2307/
2291091

Keetelaar, S., Sekulovski, N., Borsboom, D., & Marsman, M. (2024).

Comparing maximum likelihood and maximum pseudolikelihood

estimators for the Ising model. advances. in/psychology, 2, e25745.
https://doi.org/10.56296/aip00013

Kendler, K. S., Zachar, P., & Craver, C. (2011). What kinds of things are

psychiatric disorders? Psychological Medicine, 41(6), 1143–1150.

https://doi.org/10.1017/s0033291710001844

Kitson, N., Constantinou, A., Guo, Z., Liu, Y., & Chobtham, K. (2023). A

survey of bayesian network structure learning. Artificial Intelligence
Review, 56(8), 8721–8814. https://doi.org/10.1007/s10462‐022‐
10351‐w

Kruis, J., & Maris, G. (2016). Three representations of the Ising model.

Scientific Reports, 6(1), 34175. https://doi.org/10.1038/srep34175
Lancee, J., Harvey, A., Morin, C., Ivers, H., van der Zweerde, T., & Blanken,

T. (2022). Network intervention analyses of cognitive therapy and

behavior therapy for insomnia: Symptom specific effects and process

measures. Behaviour Research and Therapy, 153, 104100. https://doi.
org/10.1016/j.brat.2022.104100

Lauritzen, S. L. (1996). In Graphical models (Vol. 17). Clarendon Press.

Lee, C. T., Kelley, S. W., Palacios, J., Richards, D., & Gillan, C. M. (2024).

Estimating the prognostic value of cross‐sectional network con-

nectivity for treatment response in depression. Psychological Medi-
cine, 54(2), 317–326. https://doi.org/10.1017/s0033291723001368

Lipsky, A. M., & Greenland, S. (2022). Causal directed acyclic graphs. JAMA,
327(11), 1083–1084. https://doi.org/10.1001/jama.2022.1816

Lunansky, G., Van Borkulo, C. D., Haslbeck, J. M. B., Van der Linden, M. A.,

Garay, C. J., Etchevers, M. J., & Borsboom, D. (2021). The mental

health ecosystem: Extending symptom networks with risk and pro-

tective factors. Frontiers in Psychiatry, 12, 640658. https://doi.org/10.
3389/fpsyt.2021.640658

Lütkepohl, H. (1991). Introduction to multiple time series analysis. Springer
Berlin Heidelberg. https://doi.org/10.1007/978‐3‐662‐02691‐5

Maassen, E., D’Urso, E. D., Van Assen, M. A., Nuijten, M. B., De Roover,

K., & Wicherts, J. M. (2023). The dire disregard of measurement

invariance testing in psychological science. Psychological Methods.
https://doi.org/10.1037/met0000624

Marsman, M., Borsboom, D., Kruis, J., Epskamp, S., van Bork, R. v., Wal-

dorp, L., Maas, H. v. d., & Maris, G. (2018). An introduction to

network psychometrics: Relating Ising network models to item

response theory models. Multivariate Behavioral Research, 53(1), 15–
35. https://doi.org/10.1080/00273171.2017.1379379

Marsman, M., & Haslbeck, J. M. B. (2023). Bayesian analysis of the ordinal

Markov random field (preprint). PsyArXiv. https://doi.org/10.31234/
osf.io/ukwrf

Marsman, M., Huth, K., Waldorp, L., & Ntzoufras, I. (2022). Objective

bayesian edge screening and structure selection for networks of

binary variables. Psychometrika, 87(1), 47–82. https://doi.org/10.
1007/s11336‐022‐09848‐8

Marsman, M., & Rhemtulla, M. (2022). Guest editors’ introduction to the

special issue “network psychometrics in action”: Methodological

22 of 24 - BRIGANTI ET AL.

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3758/s13428-017-0910-x
https://doi.org/10.3758/s13428-017-0910-x
https://doi.org/10.3758/s13428-021-01637-y
https://doi.org/10.1080/00273171.2020.1743630
https://doi.org/10.1080/00273171.2020.1743630
https://doi.org/10.18637/jss.v093.i08
https://doi.org/10.1007/s11336-021-09796-9
https://doi.org/10.1007/s11336-021-09796-9
https://doi.org/10.1177/2515245919898657
https://doi.org/10.1177/2515245919898657
https://doi.org/10.1080/00273171.2022.2128020
https://doi.org/10.1080/00273171.2022.2128020
https://doi.org/10.1214/ss/1009212519
https://doi.org/10.1177/21677026231208172
https://doi.org/10.1177/21677026231208172
https://doi.org/10.1177/25152459231193334
https://doi.org/10.31234/osf.io/8f72p
https://doi.org/10.1037/met0000439
https://doi.org/10.1037/met0000439
https://doi.org/10.1037/abn0000704
https://doi.org/10.1037/abn0000704
https://doi.org/10.1080/00273171.2019.1614898
https://doi.org/10.1080/00273171.2019.1614898
https://doi.org/10.1080/00273171.2020.1797460
https://doi.org/10.1080/00273171.2020.1797460
https://doi.org/10.3390/jintelligence8040035
https://doi.org/10.3390/jintelligence8040035
https://doi.org/10.2307/2291091
https://doi.org/10.2307/2291091
https://doi.org/10.56296/aip00013
https://doi.org/10.1017/s0033291710001844
https://doi.org/10.1007/s10462-022-10351-w
https://doi.org/10.1007/s10462-022-10351-w
https://doi.org/10.1038/srep34175
https://doi.org/10.1016/j.brat.2022.104100
https://doi.org/10.1016/j.brat.2022.104100
https://doi.org/10.1017/s0033291723001368
https://doi.org/10.1001/jama.2022.1816
https://doi.org/10.3389/fpsyt.2021.640658
https://doi.org/10.3389/fpsyt.2021.640658
https://doi.org/10.1007/978-3-662-02691-5
https://doi.org/10.1037/met0000624
https://doi.org/10.1080/00273171.2017.1379379
https://doi.org/10.31234/osf.io/ukwrf
https://doi.org/10.31234/osf.io/ukwrf
https://doi.org/10.1007/s11336-022-09848-8
https://doi.org/10.1007/s11336-022-09848-8


innovations inspired by empirical problems. Psychometrika, 87, 1–11.
https://doi.org/10.1007/s11336‐022‐09861‐x

McNally, R. J. (2016). Can network analysis transform psychopathology?

Behaviour Research and Therapy, 86, 95–104. https://doi.org/10.
1016/j.brat.2016.06.006

Meredith, W., & Teresi, J. A. (2006). An essay on measurement and

factorial invariance. Medical Care, 44(11), S69–S77. https://doi.org/
10.1097/01.mlr.0000245438.73837.89

Mildiner Moraga, S., & Aarts, E. (2023). Go multivariate: Recommenda-

tions on bayesian multilevel hidden Markov models with categorical

data. Multivariate Behavioral Research, 59, 1–29. https://doi.org/10.
1080/00273171.2023.2205392

Millsap, R. E. (2012). Statistical approaches to measurement invariance.
Routledge.

Molenaar, P. C. (2004). A manifesto on psychology as idiographic science:

Bringing the person back into scientific psychology, this time

forever. Measurement, 2(4), 201–218. https://doi.org/10.1207/
s15366359mea0204_1

Olthof, M., Hasselman, F., Oude Maatman, F., Bosman, A. M. T., &

Lichtwarck‐Aschoff, A. (2023). Complexity theory of psychopathol-

ogy. Journal of Psychopathology and Clinical Science, 132(3), 314–323.
https://doi.org/10.1037/abn0000740

Pearl, J. (1988). Probabilistic reasoning in intelligent systems: Networks of
plausible inference. Morgan Kaufmann.

Pearl, J. (1998). Graphs, causality, and structural equation models. Socio-
logical Methods & Research, 27(2), 226–284. https://doi.org/10.1177/
0049124198027002004

Pearl, J., Glymour, M., & Jewell, N. P. (2016). Causal inference in statistics: A
primer. Wiley.

Peters, J., Janzing, D., & Schölkopf, B. (2017). Elements of causal inference:
Foundations and learning algorithms. The MIT Press.

Robinaugh, D. J., Haslbeck, J.M., Ryan,O., Fried, E. I., &Waldorp, L. J. (2021).

Invisible hands and fine calipers: A call to use formal theory as a toolkit

for theory construction. Perspectives on Psychological Science, 16(4),
725–743. https://doi.org/10.1177/1745691620974697

Robinaugh, D. J., Haslbeck, J. M. B., Waldorp, L., Kossakowski, J., Fried,

E. I., Millner, A., McNally, R. J., Ryan, O., de Ron, J., van der Maas,

H., van Nes, E. H., Scheffer, M., Kendler, K. S., Borsboom, D. (2019).

Advancing the network theory of mental disorders: A computa-

tional model of panic disorder. https://doi.org/10.31234/osf.io/

km37w

Robinaugh, D. J., Millner, A. J., & McNally, R. J. (2016). Identifying highly

influential nodes in the complicated grief network. Journal of
Abnormal Psychology, 125(6), 747–757. https://doi.org/10.1037/
abn0000181

Rohrer, J. M. (2018). Thinking clearly about correlations and causation:

Graphical causal models for observational data. Advances in Methods
and Practices in Psychological Science, 1(1), 27–42. https://doi.org/10.
1177/2515245917745629

Ryan, O., Bringmann, L. F., & Schuurman, N. K. (2022). The challenge of

generating causal hypotheses using network models. Structural
Equation Modeling: A Multidisciplinary Journal, 29(6), 953–970.

https://doi.org/10.1080/10705511.2022.2056039

Ryan, O., Dablander, F., & Haslbeck, J. M. B. (2023a). Towards a generative

model for emotion dynamics.

Ryan, O., Haslbeck, J. M. B., & Robinaugh, D. J. (2023b). Improving

treatments for mental disorders using computational models.

Ryan, O., Haslbeck, J. M. B., & Waldorp, L. (2023c). Non‐stationarity in

time‐series analysis: Modeling stochastic and deterministic trends.

Scutari, M., & Denis, J.‐B. (2021). Bayesian networks with examples in R
(2nd). Chapman & Hall.

Scutari, M., Graafland, C. E., & Gutiérrez, J. M. (2019). Who learns better

bayesian network structures: Accuracy and speed of structure

learning algorithms. International Journal of Approximate Reasoning,
115, 235–253. https://doi.org/10.1016/j.ijar.2019.10.003

Sekulovski, N., Keetelaar, S., Haslbeck, J. M. B., & Marsman, M. (2023a).

Sensitivity analysis of prior distributions in bayesian graphical

modeling: Guiding informed prior choices for conditional indepen-

dence testing (preprint). PsyArXiv. https://doi.org/10.31234/osf.io/
6m7ca

Sekulovski, N., Keetelaar, S., Huth, K.,Wagenmakers, E.‐J., VanBork, R., Van

Den Bergh, D., & Marsman, M. (2023b). Testing conditional indepen-

dence in psychometric networks: An analysis of three bayesian

methods (preprint). PsyArXiv. https://doi.org/10.31234/osf.io/ch7a2
Shiffman, S., Stone, A. A., & Hufford, M. R. (2008). Ecological momentary

assessment. Annual Review of Clinical Psychology, 4, 1–32. https://doi.
org/10.1146/annurev.clinpsy.3.022806.091415

Smaldino, P. E. (2017). Models are stupid, and we need more of them.

Computational social psychology, 311–331. https://doi.org/10.4324/
9781315173726‐14

Spirtes, P., & Glymour, C. (1991). An algorithm for fast recovery of sparse

causal graphs. Social Science Computer Review, 9(1), 62–72. https://
doi.org/10.1177/089443939100900106

Spirtes, P., Glymour, C. N., & Scheines, R. (2000). Causation, prediction, and
search. MIT press.

Swanson, T. J. (2020). Modeling moderators in psychological networks

[doctoral dissertation]. Retrieved November 14, 2023, from https://

www.proquest.com/openview/d151ab6b93ad47e3f0d5e59d7b6fd

3d3

Telford, C., McCarthy‐Jones, S., Corcoran, R., & Rowse, G. (2012). Expe-

rience sampling methodology studies of depression: The state of the

art. Psychological Medicine, 42(6), 1119–1129. https://doi.org/10.
1017/s0033291711002200

Tibshirani, R. (1996). Regression shrinkage and selection via the lasso.

Journal of the Royal Statistical Society ‐ Series B: Statistical Methodology,
58(1), 267–288. https://doi.org/10.1111/j.2517‐6161.1996.
tb02080.x

van Bork, R., Rhemtulla, M., Waldorp, L. J., Kruis, J., Rezvanifar, S., &

Borsboom, D. (2021). Latent variable models and networks: Statis-

tical equivalence and testability. Multivariate Behavioral Res-
earch, 56(2), 175–198. https://doi.org/10.1080/00273171.2019.
1672515

Van Borkulo, C. D., Borsboom, D., Epskamp, S., Blanken, T. F., Boschloo, L.,

Schoevers, R. A., & Waldorp, L. J. (2014). A new method for con-

structing networks from binary data. Scientific Reports, 4(1), 5918.
https://doi.org/10.1038/srep05918

Van Borkulo, C. D., van Bork, R., Boschloo, L., Kossakowski, J. J., Tio, P.,

Schoevers, R. A., Borsboom, D., & Waldorp, L. J. (2022). Comparing

network structures on three aspects: A permutation test. Psycho-
logical Methods, 28(6), 1273–1285. https://doi.org/10.1037/

met0000476

van de Leemput, I. A., Wichers, M., Cramer, A. O., Borsboom, D., Tuer-

linckx, F., Kuppens, P., Van Nes, E. H., Viechtbauer, W., Giltay, E. J.,

Aggen, S. H., Derom, C., Jacobs, N., Kendler, K. S., van der Maas, H. L.

J., Neale, M. C., Peeters, F., Thiery, E., Zachar, P., & Scheffer, M.

(2014). Critical slowing down as early warning for the onset and

termination of depression. Proceedings of the National Academy of
Sciences, 111(1), 87–92. https://doi.org/10.1073/pnas.1312114110

Van Der Maas, H. L., Dolan, C. V., Grasman, R. P., Wicherts, J. M., Hui-

zenga, H. M., & Raijmakers, M. E. (2006). A dynamical model of

general intelligence: The positive manifold of intelligence by mutu-

alism. Psychological Review, 113(4), 842–861. https://doi.org/10.
1037/0033‐295x.113.4.842

van der Tuin, S., Hoekstra, R. H. A., Booij, S. H., Oldehinkel, A. J., War-

denaar, K. J., van den Berg, D., Borsboom, D., & Wigman, J. T. (2023).

Relating stability of individual dynamical networks to change in

psychopathology. PLoS One, 18(11), e0293200. https://doi.org/10.
1371/journal.pone.0293200

van der Wal, J., van Borkulo, C., Haslbeck, J., Slofstra, C., Klein, N.,

Blanken, T., Deserno, M., Lok, A., Nauta, M., & Bockting, C. (2022).

BRIGANTI ET AL. - 23 of 24

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1007/s11336-022-09861-x
https://doi.org/10.1016/j.brat.2016.06.006
https://doi.org/10.1016/j.brat.2016.06.006
https://doi.org/10.1097/01.mlr.0000245438.73837.89
https://doi.org/10.1097/01.mlr.0000245438.73837.89
https://doi.org/10.1080/00273171.2023.2205392
https://doi.org/10.1080/00273171.2023.2205392
https://doi.org/10.1207/s15366359mea0204_1
https://doi.org/10.1207/s15366359mea0204_1
https://doi.org/10.1037/abn0000740
https://doi.org/10.1177/0049124198027002004
https://doi.org/10.1177/0049124198027002004
https://doi.org/10.1177/1745691620974697
https://doi.org/10.31234/osf.io/km37w
https://doi.org/10.31234/osf.io/km37w
https://doi.org/10.1037/abn0000181
https://doi.org/10.1037/abn0000181
https://doi.org/10.1177/2515245917745629
https://doi.org/10.1177/2515245917745629
https://doi.org/10.1080/10705511.2022.2056039
https://doi.org/10.1016/j.ijar.2019.10.003
https://doi.org/10.31234/osf.io/6m7ca
https://doi.org/10.31234/osf.io/6m7ca
https://doi.org/10.31234/osf.io/ch7a2
https://doi.org/10.1146/annurev.clinpsy.3.022806.091415
https://doi.org/10.1146/annurev.clinpsy.3.022806.091415
https://doi.org/10.4324/9781315173726-14
https://doi.org/10.4324/9781315173726-14
https://doi.org/10.1177/089443939100900106
https://doi.org/10.1177/089443939100900106
https://www.proquest.com/openview/d151ab6b93ad47e3f0d5e59d7b6fd3d3
https://www.proquest.com/openview/d151ab6b93ad47e3f0d5e59d7b6fd3d3
https://www.proquest.com/openview/d151ab6b93ad47e3f0d5e59d7b6fd3d3
https://doi.org/10.1017/s0033291711002200
https://doi.org/10.1017/s0033291711002200
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://doi.org/10.1080/00273171.2019.1672515
https://doi.org/10.1080/00273171.2019.1672515
https://doi.org/10.1038/srep05918
https://doi.org/10.1037/met0000476
https://doi.org/10.1037/met0000476
https://doi.org/10.1073/pnas.1312114110
https://doi.org/10.1037/0033-295x.113.4.842
https://doi.org/10.1037/0033-295x.113.4.842
https://doi.org/10.1371/journal.pone.0293200
https://doi.org/10.1371/journal.pone.0293200


Effects of various relapse prevention strategies on affect dynamics

and its impact on depressive relapse using network analysis: A

randomized controlled trial. Behaviour Research and Therapy.
van Dongen, N., van Bork, R., Finnemann, A., van der Maas, H., Robinaugh,

D., Haslbeck, J., de Ron, J., Sprenger, J., & Borsboom, D. (2022).

Productive explanation: A framework for evaluating explanations in

psychological science.

Wagenmakers, E.‐J., Morey, R. D., & Lee, M. D. (2016). Bayesian benefits

for the pragmatic researcher. Current Directions in Psychological
Science, 25(3), 169–176. https://doi.org/10.1177/09637214166

43289

Waldorp, L., & Marsman, M. (2022). Relations between networks,

regression, partial correlation, and the latent variable model. Multi-
variate Behavioral Research, 57(6), 994–1006. https://doi.org/10.
1080/00273171.2021.1938959

Wang, S. B., Robinaugh, D. J., Millner, A., Fortgang, R., & Nock, M. (2023).

Mathematical and computational modeling of suicide as a complex

dynamical system (preprint). PsyArXiv. https://doi.org/10.31234/osf.
io/b29cs

Watkins, M. W. (2018). Exploratory factor analysis: A guide to best

practice. Journal of Black Psychology, 44(3), 219–246. https://doi.org/
10.1177/0095798418771807

Wichers, M., Groot, P. C., Psychosystems, ESM Group, EWS Group. (2016).

Critical slowing down as a personalized early warning signal for

depression. Psychotherapy and Psychosomatics, 85(2), 114–116.

https://doi.org/10.1159/000441458

Wichers, M., Riese, H., Hodges, T. M., Snippe, E., & Bos, F. M. (2021). A

narrative review of network studies in depression: What different

methodological approaches tell us about depression. Frontiers in
Psychiatry, 12, 719490. https://doi.org/10.3389/fpsyt.2021.719490

Wichers, M., Schreuder, M. J., Goekoop, R., & Groen, R. N. (2019). Can we

predict the direction of sudden shifts in symptoms? Transd-

iagnostic implications from a complex systems perspective on

psychopathology. Psychological Medicine, 49(3), 380–387. https://doi.
org/10.1017/S0033291718002064

Wichers, M., Smit, A. C., & Snippe, E. (2020). Early warning signals based

on momentary affect dynamics can expose nearby transitions in

depression: A confirmatory single‐subject time‐series study. Journal
for person‐oriented research, 6(1), 1–15. https://doi.org/10.17505/
jpor.2020.22042

Williams, D. R., & Mulder, J. (2020). Bayesian hypothesis testing for

Gaussian graphical models: Conditional independence and order

constraints. Journal of Mathematical Psychology, 99, 102441. https://
doi.org/10.1016/j.jmp.2020.102441

Williams, D. R., & Rast, P. (2020). Back to the basics: Rethinking partial

correlation network methodology. British Journal of Mathematical and
Statistical Psychology, 73(2), 187–212. https://doi.org/10.1111/bmsp.

12173

Wood, S. N. (2006). Generalized additive models: An introduction with R.
Chapman; Hall/CRC.

Zucchini, W., & MacDonald, I. L. (2009). Hidden Markov models for time
series: An introduction using R. Chapman; Hall/CRC.

How to cite this article: Briganti, G., Scutari, M., Epskamp, S.,

Borsboom, D., Hoekstra, R. H. A., Golino, H. F., Christensen, A.

P., Morvan, Y., Ebrahimi, O. V., Costantini, G., Heeren, A.,

Ron, J. d., Bringmann, L. F., Huth, K., Haslbeck, J. M. B.,

Isvoranu, A.‐M., Marsman, M., Blanken, T., Gilbert, A., …

McNally, R. J. (2024). Network analysis: An overview for

mental health research. International Journal of Methods in

Psychiatric Research, e2034. https://doi.org/10.1002/mpr.

2034

24 of 24 - BRIGANTI ET AL.

 15570657, 2024, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

pr.2034 by C
ochraneItalia, W

iley O
nline L

ibrary on [17/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1177/0963721416643289
https://doi.org/10.1177/0963721416643289
https://doi.org/10.1080/00273171.2021.1938959
https://doi.org/10.1080/00273171.2021.1938959
https://doi.org/10.31234/osf.io/b29cs
https://doi.org/10.31234/osf.io/b29cs
https://doi.org/10.1177/0095798418771807
https://doi.org/10.1177/0095798418771807
https://doi.org/10.1159/000441458
https://doi.org/10.3389/fpsyt.2021.719490
https://doi.org/10.1017/S0033291718002064
https://doi.org/10.1017/S0033291718002064
https://doi.org/10.17505/jpor.2020.22042
https://doi.org/10.17505/jpor.2020.22042
https://doi.org/10.1016/j.jmp.2020.102441
https://doi.org/10.1016/j.jmp.2020.102441
https://doi.org/10.1111/bmsp.12173
https://doi.org/10.1111/bmsp.12173
https://doi.org/10.1002/mpr.2034
https://doi.org/10.1002/mpr.2034

	Network analysis: An overview for mental health research
	1 | INTRODUCTION
	2 | THE ELEMENTS OF A NETWORK
	3 | PAIRWISE MARKOV RANDOM FIELDS
	3.1 | The GGM, the Ising model, and the MGM
	3.2 | Estimating PMRFs
	3.3 | Analyzing a network structure
	3.4 | Stability and accuracy of results

	4 | NETWORK PSYCHOMETRICS
	4.1 | Network models and factor models
	4.2 | Confirmatory network modeling
	4.3 | Latent network modeling
	4.4 | Multi‐group and meta‐analytic network modeling

	5 | THE BAYESIAN APPROACH TO NETWORK ANALYSIS
	5.1 | Basics of Bayesian inference
	5.2 | A Bayesian test for the presence or absence of edges
	5.3 | The Bayesian approach to parameter estimation

	6 | NETWORKS FROM LONGITUDINAL DATA
	6.1 | Vector autoregressive network models
	6.2 | Time‐varying network models
	6.3 | Network models from panel data
	6.4 | Idiographic network comparison
	6.5 | Rate of change network models
	6.6 | Network intervention analysis

	7 | CAUSAL INFERENCE AND BAYESIAN NETWORKS
	7.1 | Principles of causal inference with Bayesian networks
	7.2 | Estimation of Bayesian networks
	7.3 | Bayesian inference in BNs
	7.4 | Limitations and considerations

	8 | NETWORK MODELS AND THEORIES ABOUT PSYCHOPATHOLOGY
	8.1 | Using network models as theories
	8.2 | Using network models for informing theories
	8.3 | Using network models to establish phenomena

	9 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT
	ETHICS STATEMENT
	PATIENT CONSENT STATEMENT
	PERMISSION TO REPRODUCE MATERIAL FROM OTHER SOURCES
	CLINICAL TRIAL REGISTRATION


