Lifespan Development )
and Mental Health SCIEPublish

Article

Identifying Effective Intervention Targets for
Depressive Symptoms Across Adolescence: A
Network-Based Simulated Intervention

Yihong Zhang, Yuan Fang * and Zhiyan Chen

Institute of Psychology, Chinese Academy of Sciences, 16 Lincui Road, Chaoyang District, Beijing 100101, China;
zhangyihong04@163.com (Y.Z.); chenzy@psych.ac.cn (Z.C.)

* Corresponding author. E-mail: yfangpsy@163.com (Y.F.)

Received: 15 January 2026; Revised: 9 March 2026; Accepted: 13 April 2026; Available online: 27 April 2026

ABSTRACT: Depressive symptoms are prevalent and demonstrate distinct developmental trajectories
throughout adolescence. Although previous research has suggested central symptoms as possible
intervention targets, few studies have explored the effects of targeting these symptoms on global network
states. Utilizing the Ising model and the NodeldentifyR algorithm, this study aimed to identify effective
intervention targets and examine their associations with central symptoms across different stages of
adolescence. A total of 46,842 participants completed the Center for Epidemiologic Studies Depression
Scale and provided demographic information. Participants were categorized into early (n = 15,299), middle
(n = 15,596), and late (n = 15,547) adolescence. The Ising model identified “feeling sad” and “feeling
depressed” as the symptoms with the highest expected influence in early and middle-to-late adolescence,
respectively. The expected influence value of “feeling depressed” increased from early to late adolescence.
Simulated interventions projected that decreasing the thresholds of “feeling bad” (early adolescence) and
“feeling depressed” (middle and late adolescence) would yield the greatest reduction in network activation,
identifying them as effective treatment targets. Worsening “feeling sad” and “feeling depressed” (early
adolescence) and “feeling blue” (middle and late adolescence) was projected to result in the greatest
increase in network activation, making them the effective prevention targets. The most central symptoms
were not necessarily congruent with the effective intervention targets identified by simulations. These
findings may help practitioners optimize treatment and prevention efforts for adolescents with depressive
symptoms across distinct developmental stages.
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1. Introduction

Depressive symptoms in adolescence are conceptualized as maladaptive responses to developmental
tasks such as changes in physical, cognitive, emotional, and social domains [1]. The point prevalence of
elevated depressive symptoms among adolescents was estimated at 37% (95% CI: 0.32—0.42) between 2011
and 2020 [2]. Depressive symptoms exhibit distinct developmental trajectories throughout adolescence [3].
Previous research has extensively examined the network structures of depressive symptoms in adolescence
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and proposed central symptoms as potential intervention targets [4]. However, few studies have explored
the degree to which network states change in response to interventions targeting central symptoms. To
address this issue, this study applied the Ising model and the NodeldentifyR algorithm (NIRA) to quantify
the effects of symptom-specific interventions on network states and identify effective intervention targets.
This study further explored the association between symptom centrality and simulated intervention effects.
Given that developmental tasks during adolescence occur across distinct sub-stages [5], this study examined
symptom networks across three stages of adolescence (i.e., early, middle, and late adolescence). These
insights can contribute to the development of targeted intervention strategies for depressive symptoms
across different stages of adolescence.

1.1. Depressive Symptoms Across Different Stages of Adolescence

Adolescence spans approximately 10 to 18 years of age and is typically categorized into early
adolescence (10—12 years), middle adolescence (13—15 years), and late adolescence (16—18 years) [6,7].
Across this period, depressive symptoms have been examined as a single latent construct measured by
summed scores [8]. Using this method, prior research has suggested that depressive symptoms exhibit
different developmental trajectories: increasing in early adolescence and declining slightly during middle
and late adolescence [3]. However, an increasing body of research has adopted a symptom-level perspective,
focusing on specific depressive symptoms and their interactions [4]. Studies have documented that
individual depressive symptoms may vary across developmental stages [1].

From a developmental perspective, adolescents’ emotional experiences and expressions may change
across stages due to the maturation of emotional and cognitive capacities. Research on emotion
differentiation suggests that children and early adolescents have a relatively limited ability to distinguish
among specific negative emotions, and their affective experiences are often organized around broader and
more undifferentiated negative states (e.g., general unhappiness or feeling bad) rather than clearly
differentiated emotions [9,10]. Therefore, emotional expressions may appear more diffuse and generalized
in early adolescence. As adolescents progress into middle and late adolescence, they gradually become
capable of identifying and differentiating specific emotional states such as sadness, depression, or anger
[9]. Advances in cognitive functioning increase the likelihood of self-reflective processes and rumination
(Nolen-Hoeksema et al., 2008) [11]. Psychosocial stressors also become more complex during this period,
including academic pressures, identity exploration, peer relationship challenges, and concerns about future
life paths [12]. Together, changes in emotional experiences and expressions may contribute to more clearly
differentiated depressive emotional experiences during middle and late adolescence [13,14]. These
developmental changes may influence how depressive symptoms manifest and interact with one another
across different stages of adolescence, potentially leading to different symptoms emerging as more central
at different developmental periods.

1.2. Depressive Symptom Centrality Across Different Stages of Adolescence

Psychopathology network theory conceptualizes depressive symptoms as a network of interacting
symptoms [15]. Previous research has examined network structures of depressive symptoms among
adolescents. For instance, one study identified “loneliness” as the central symptom in early and middle
adolescence (both elementary and junior high school), whereas “fatigue” was identified as the central
symptom in late adolescence (senior high school) [16]. These findings suggested that central symptoms varied
across different developmental stages of adolescence. However, little research has examined whether these
central symptoms can serve as effective intervention targets for maximizing changes in the network states.
Examining the effects of targeting these central symptoms can deepen understanding of their role within the
depressive symptom network and inform the development of stage-tailored intervention strategies.
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1.3. Identifying Intervention Targets via the Network-Based Simulated Intervention

The network-based simulated intervention is a valuable method for exploring effective intervention
targets [17]. This method offers three advantages. First, it can quantify the projected effects of symptom-
specific interventions on the global state of the depressive symptom network [18]. The projected effect
refers to the expected change in total symptom activity between baseline and post-intervention conditions
[19]. Depressive symptoms showing the greatest projected effects are identified as effective intervention
targets. Second, this method can identify both treatment targets that most effectively reduce network
activity and preventive targets that, if exacerbated, would most significantly deteriorate network state [20].
Identifying such targets holds significant value for developing clinical treatment and prevention strategies.
Third, this method offers insights into the relationship between the centrality of depressive symptoms and
the projected effects of symptom-specific interventions simulated within the network [19].

1.4. The Current Study

Although existing research has advanced understanding of depressive symptoms in three primary
ways—(1) distinct developmental trajectories during adolescence [3], (2) network structures of depressive
symptoms [21], and (3) central symptoms [4]—gaps remain regarding the projected effects of targeting
these central symptoms. Specifically, little evidence exists to verify whether central symptoms serve as
effective intervention targets. This study was designed with two primary objectives: (1) to identify effective
intervention targets at each stage of adolescence by employing the Ising model and NIRA, and (2) to
examine the association between the centrality of depressive symptoms and the projected effects of
symptom-specific interventions. This study has the potential to advance both theoretical understanding of
the role central symptoms play in the depressive symptom network and the development of practical
strategies for symptom-specific prevention and treatment.

2. Materials and Methods
2.1. Participants and Procedures

The dataset used in this study was obtained from the Chinese Mental Health Database (CMHD), a
national comprehensive mental health database. The survey employed a stratified sampling method, taking
into account economic development and urbanization levels. The final sample consisted of 46,842
participants (49.19% male) from 27 provinces in China. Their ages ranged from 10 to 18 years (Mage =
14.01 years, SD = 2.55). Participants were categorized into three stages of adolescence [6], comprising
early adolescence (n = 15,299, 10-12 years, 49.38% male), middle adolescence (n = 15,996, 13—15 years,
49.01% male), and late adolescence (n = 15,547, 1618 years, 49.18% male).

The survey was conducted between October 2021 and February 2022. First, all participants completed
consent forms, with minors providing parental consent. Second, participants reported demographic
information (such as age and biological sex) and filled in the Center for Epidemiologic Studies Depression
Scale (CES-D Scale), along with other questionnaires unrelated to this study. The process was carried out
via an online platform under the direction of trained research assistants in the classroom during school
hours. The survey procedure was approved by the Ethics Committee of the author’s institution.

2.2. Measures

The CES-D Scale was used to measure depressive symptoms [22]. Participants indicated how
frequently they had experienced each symptom during the past week. The scale consists of twenty items,
including four reverse-scored items (e.g., “I felt I was just as good as other people”). Each item is rated on
a scale from O (rarely or never) to 3 (most or almost all the time). In this study, Cronbach’s a was 0.90 for



Lifespan Dev. Ment. Health 2026, 2(2), 10009. doi:10.70322/Idmh.2026.10009 4 0f 18

the whole adolescence, 0.89 for the early adolescence, 0.91 for the middle adolescence, and 0.91 for the
late adolescence.

2.3. Statistical Analysis

All statistical analyses were performed using R (Version 4.4.2) [23] and RStudio (version
2024.12.0+467). The current data contained no missing values, as the online survey system prompted
participants to complete unanswered items. If participants chose not to respond, they could voluntarily exit
the survey at any time. The Ising model analysis and the NIRA were carried out in the current study.

2.3.1. Ising Model Network Analyses

Three Ising model networks were estimated to map network structures of depressive symptoms in early,
middle, and late adolescence [24]. In each network, nodes represented depressive symptoms and edges
represented the partial correlation coefficients between pairs of symptoms. The expected influence (EI)
index, which is defined as the sum of the edge weights connecting a given symptom to all others [25], was
employed to assess the centrality of depressive symptoms within the networks. The accuracy and stability
of the networks were assessed [26]. The accuracy of edge weights was evaluated by estimating 95%
confidence intervals (Cls) with 1000 nonparametric bootstraps. The stability of the EI centrality indices
was examined by calculating correlation stability (CS) coefficients. The CS coefficients should ideally be
above 0.5 and not below 0.25 [26]. Network comparison tests (NCTs) were conducted to examine
differences in network structure, edge strength, global expected influence, and symptom centrality (i.e., EI)
between any two networks [27].

Prior to the Ising model network analysis, following previous studies [17,28], each symptom score was
binarized as 1 (the original score was above 0) or 0 (the original score was 0), indicating the symptom’s
presence or absence, respectively. The networks were estimated using logistic regression to obtain
regression coefficients and intercept parameters [29]. The regression coefficients represented the edge
weights. The intercept parameters represented the threshold parameters of the symptoms, reflecting the
autonomous tendency of symptoms to be present when all other symptoms were absent. The original edge
weight matrix (a 20 x 20 matrix) and the original threshold parameter vector (a 20 x 1 vector) were obtained
through logistic regression.

2.3.2. Simulated Interventions

Based on the Ising model analyses, the NIRA was employed to implement a four-step simulated
intervention [19]. The simulated interventions were conducted separately for three stages of adolescence.

First, this study conducted 35,000 samplings to generate 35,000 simulated pre-intervention
observations based on the original edge weight matrix and the original threshold parameter vector obtained
through the Ising model analyses. Each simulated pre-intervention observation included simulated scores
for twenty depressive symptoms.

Second, this study adjusted the original threshold parameter of each depressive symptom to simulate
the effect of an intervention and generate post-intervention observations. As there are multiple possible
approaches for determining how thresholds should be altered [19], the current study followed previous
research and used two standard deviations of the estimated thresholds as the manipulation magnitude
[17,28]. The NIRA simulated two types of interventions for each symptom: the alleviating intervention,
implemented by reducing twice the standard deviation from a symptom’s original threshold parameter, and
the aggravating intervention, implemented by adding twice the standard deviation to a symptom’s original
threshold parameter. For each symptom-specific intervention, 35,000 simulated post-intervention
observations were generated. This simulated intervention process was applied sequentially to each of the
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twenty depressive symptoms. Thus, for each intervention type, the NIRA generated 35,000 x 20 simulated
post-intervention observations, each containing simulated scores for all twenty depressive symptoms.
Additionally, this study conducted the sensitivity analysis with one standard deviation perturbation.

Third, NIRA outcomes were calculated to identify symptoms with the greatest projected effect on network
states as the effective intervention targets. Specifically, the sum of the simulated scores for all twenty depressive
symptoms was computed for each observation, resulting in the observation’s sum score. The mean of all
observations’ sum scores was then calculated for each simulated case (including simulated pre-intervention and
post-intervention cases), yielding a sum score mean. The absolute difference between the pre-intervention sum
score mean and each post-intervention sum score mean was computed as an NIRA outcome. Twenty NIRA
outcomes were calculated for each simulated intervention type (i.e., alleviating or aggravating). The symptoms
with the highest NIRA outcomes were identified as the effective intervention targets.

Fourth, this study analyzed the relationships between the NIRA outcomes and both symptom thresholds
and EI centrality. Paired correlation analyses were conducted for each depressive symptom to compare its
NIRA outcome with its corresponding threshold and EI centrality, respectively, both of which were derived
from the Ising model networks.

3. Results
3.1. Descriptive Statistics

Table 1 displays the descriptive statistics of depressive symptoms across different stages of
adolescence. The skewness ranged from —0.17 to 2.70, and the kurtosis ranged from —1.59 to 7.24 across
three stages of adolescence. The skewness and kurtosis were deemed acceptable (skewness < 3, kurtosis <
10) [30]. The correlations between symptoms are provided in the supplemental materials.

3.2. Ising Model Network Analyses
3.2.1. Network Structures and Central Symptoms

Figure 1 presents the Ising network structures of depressive symptoms across different stages of
adolescence. In the three networks, the number of non-zero edges was 158, 153, and 140, respectively, out
of 190 possible edges. The strongest edge was between “feeling unhappy” (CESD12R) and “can’t enjoy
life” (CESD16R) in each network, with edge weight increasing from early to late adolescence. The mean
edge weight was 0.26 in each network, indicating the presence of many weak edges across all three
networks. “Feeling sad” (CESD18) had the highest EI value and served as the central symptom in early
adolescence. The EI value of “feeling depressed” (CESD6) increased from early to late adolescence.
“Feeling depressed” had the highest EI value in middle and late adolescence, emerging as the central
symptom in middle and late adolescence. The full EI centrality results for all depressive symptoms are
available in the supplemental materials.
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Table 1. Descriptive statistics of depressive symptoms at different stages of adolescence.

Early Adolescence Middle Adolescence Late Adolescence
Nodes Symptoms Skewness Predictability Skewness Predictability Skewness Predictability
M (SD) (Kurtosis) (RY» M (SD) (Kurtosis) R? M (SD) (Kurtosis) R?
CESDI1 Feeling bothered 0.44 (0.74) 1.80 (2.89) 0.32 0.73 (0.88) 1.08 (0.35) 0.37 0.74 (0.87) 1.06 (0.39) 0.35
CESD2 Poor appetite 0.30 (0.63) 2.33 (5.40) 0.22 0.40 (0.72) 1.90 (3.17) 0.26 0.38 (0.70) 1.94 (3.46) 0.22
CESD3 Feeling blue 0.26 (0.63) 2.70 (7.24) 0.31 0.43 (0.77) 1.87 (2.81) 0.39 0.44 (0.77) 1.84 (2.77) 0.38
CESD4R Feeling bad 1.61(1.24) -0.17 (-1.59) 0.17 1.55(1.18) —0.08 (—=1.50) 0.17 1.35(1.14)  0.20 (-1.37) 0.19
CESDS5 Trouble focus 0.44 (0.78) 1.87 (2.80) 0.25 0.74 (0.91) 1.07 (0.21) 0.30 0.89(0.92)  0.79 (-0.24) 0.34
CESD6 Feeling depressed 0.44 (0.77) 1.80 (2.60) 0.41 0.77 (0.93) 1.01 (0.01) 0.46 0.83(0.91)  0.90 (=0.04) 0.46
CESD7 Effort 0.36 (0.71) 2.12 (4.12) 0.32 0.60 (0.83) 1.36 (1.15) 0.37 0.64 (0.81) 1.19 (0.81) 0.41
CESD8R Feeling hopeless 0.82 (1.06)  0.95 (—0.54) 0.28 0.92 (1.05)  0.75(=0.76) 0.32 0.88 (0.99)  0.81 (=0.54) 0.34
CESD9 Feeling failure 0.37(0.75) 2.16 (4.01) 0.36 0.54 (0.85) 1.55 (1.55) 0.38 0.52 (0.80) 1.55 (1.74) 0.38
CESDI10 Feeling fearful 0.46 (0.84) 1.83 (241) 0.32 0.52 (0.83) 1.59 (1.69) 0.35 0.50 (0.79) 1.58 (1.83) 0.35
CESDI11 Restless sleep 0.40 (0.77) 2.06 (3.51) 0.26 0.49 (0.84) 1.70 (1.97) 0.24 0.51 (0.84) 1.64 (1.83) 0.21
CESDI12R Feeling unhappy 0.61 (0.93) 1.35 (0.62) 0.41 0.82(0.95)  0.87(=0.35) 0.45 0.86 (0.92)  0.79 (-0.34) 0.47
CESDI3 Talking less 0.46 (0.81) 1.84 (2.59) 0.14 0.55(0.84) 1.51 (1.50) 0.17 0.60 (0.84) 1.37(1.17) 0.20
CESD14 Feeling lonely 0.39 (0.78) 2.09 (3.57) 0.38 0.56 (0.87) 1.51(1.33) 0.41 0.60 (0.87) 1.38 (1.02) 0.41
CESDI15 Feeling unfriendly 0.30 (0.68) 2.49 (5.78) 0.35 0.36 (0.72) 2.16 (4.22) 0.35 0.34 (0.67) 2.15 (4.45) 0.38
CESDI16R Can’t enjoy life 0.61 (0.95) 1.38 (0.64) 0.43 0.78 (0.97)  0.96 (-0.24) 0.48 0.80(0.93)  0.91 (=0.19) 0.50
CESD17 Crying 0.63 (0.90) 1.35(0.82) 0.38 0.72 (0.92) 1.12 (0.25) 0.41 0.59 (0.81) 1.34(1.14) 0.36
CESD18 Feeling sad 0.46 (0.77) 1.73 (2.41) 0.46 0.64 (0.84) 1.25 (0.85) 0.51 0.61 (0.79) 1.24 (0.99) 0.50
CESDI19 People disliked me 0.41 (0.80) 2.01(3.22) 0.40 0.56 (0.86) 1.52 (1.41) 0.42 0.51 (0.79) 1.56 (1.79) 0.42
CESD20 Without motivation  0.35 (0.69) 2.16 (4.35) 0.37 0.63 (0.85) 1.27 (0.84) 0.42 0.72 (0.86) 1.05 (0.34) 0.42

Note: M = mean, SD = Standard deviation. R nodes were reverse-scored.
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Figure 1. Ising network structures of depressive symptoms at different stages of adolescence. Note: Each node represents a
depressive symptom. Blue edges represent positive connections and red edges represent negative connections. Thicker edges
indicate stronger connections. The ring around each node indicates its predictability by all other nodes in the network. A larger
orange sector corresponds to higher predictability.

In the network accuracy analysis, all three networks exhibited narrow confidence intervals, indicating
adequate accuracy. In the network stability analysis, the three networks showed acceptable stability, with
the CS coefficients for EI all equal to 0.75. Detailed results regarding the networks’ accuracy and stability
are presented in supplemental materials.

3.2.2. Network Comparison Tests

The network comparison tests showed the global expected influence values for the three networks were
50.44,49.17, and 49.99, respectively, with the significant differences across different stages of adolescence
(pearly-middle < 0.01, pmiddie-late < 0.05). The centrality invariance test indicated that “feeling sad” (CESD18)
and “feeling depressed” (CESD6) did not significantly differ in EI values across different stages of
adolescence. The network structure invariance test revealed significant differences across different stages
of adolescence (pearly-middie < 0.01, pmiddie-late < 0.05). The edge strength invariance test showed significant
differences in certain edges across different stages of adolescence. For example, the edge between “feeling
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unhappy” (CESD12R) and “can’t enjoy life” (CESD16R) exhibited a significant difference between early
and middle adolescence (pearly-middie < 0.05).

3.3. Simulated Interventions
3.3.1. The Alleviating and Aggravating Interventions

Figure 2 presents the results of alleviating and aggravating interventions in early, middle, and late
adolescence. Depressive symptoms exhibited distinct projected effects on the whole network states across
different stages of adolescence. In early adolescence, the alleviating intervention targeting “feeling bad”
(CESD4R) had the greatest projected effect on the overall network state. Deactivating this symptom
reduced the sum score mean from 4.61 to 3.43 (NIRA score = 1.18). In the aggravating intervention,
“feeling sad” (CESD18) exhibited the greatest projected effect on the network state. Worsening this
symptom increased the sum score mean from 4.57 to 6.83 (NIRA score = 2.26). Moreover, the confidence
intervals for the effects of worsening “feeling depressed” (CESD6) and “feeling sad” (CESD18) largely
overlapped. Worsening “feeling depressed” (CESD6) increased the sum score mean from 4.57 to 6.83
(NIRA score = 2.26).

Simulated interventions in middle and late adolescence exhibited aligned outcomes. The alleviating
intervention targeting “feeling depressed” (CESD6) had the greatest projected effect on the whole network
state, reducing the sum score mean from 7.22 to 4.98 (NIRA score = 2.24) in middle adolescence and from
7.53 to 5.13 (NIRA score = 2.40) in late adolescence. In the aggravating intervention, “feeling blue”
(CESD3) showed the greatest projected effect, increasing the sum score mean from 7.17 to 10.18 (NIRA
score = 3.01) in middle adolescence and from 7.58 to 10.60 (NIRA score = 3.02) in late adolescence.

3.3.2. Correlations of NIRA with Thresholds and EI Centrality

Figure 3 shows the comparisons between NIRA outcomes and thresholds, and between NIRA
outcomes and expected influence centrality. Table 2 presents the EI values, thresholds, and NIRA outcomes
for depressive symptoms. Table 3 presents the top five symptoms with the highest EI centrality and the top
five symptoms with the highest NIRA scores across developmental stages. In alleviating interventions, the
correlations between NIRA outcomes and thresholds were 0.58, 0.16, and 0.25 in early, middle, and late
adolescence, respectively, illustrating a moderate to weak relationship between NIRA outcomes and
thresholds. In aggravating interventions, the correlations between NIRA outcomes and thresholds were
—0.82, —0.91, and —0.90 across early, middle, and late adolescence, respectively, indicating a strong
relationship between thresholds and NIRA outcomes.

When comparing NIRA outcomes and expected influence centrality, the correlations in alleviating
interventions were 0.13, 0.56, and 0.54 in early, middle, and late adolescence, respectively, showing a weak
to moderate relationship. For aggravating interventions, their correlations were 0.86, 0.77, and 0.70 across
the three stages of adolescence, respectively, indicating a strong relationship.
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Figure 2. Results of alleviating and aggravating interventions for early, middle, and late adolescence. Note: This figure comprises
six subplots. In each subplot, the x-axis displays individual depressive symptoms whose thresholds were altered and the y-axis shows
the sum score of the network following each intervention. (A) alleviating interventions in early adolescence; (B) aggravating
interventions in early adolescence; (C) alleviating interventions in middle adolescence; (D) aggravating interventions in middle
adolescence; (E) alleviating interventions in late adolescence; (F) aggravating interventions in late adolescence.
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Table 2. Els, thresholds, and NIRA of depressive symptoms.

Early Adolescence Middle Adolescence Late Adolescence
NodeS  EIs  Thresholds —_NIRA _ Els  Thresholds — R , EIs  Thresholds — e _
Alleviating  Aggravating Alleviating  Aggravating Alleviating Aggravating
CESD1 4.99 —2.34 0.95 1.96 4.99 —1.92 2.05 2.40 4.96 —1.95 2.03 2.33
CESD2 3.99 —2.69 0.64 1.72 3.99 —2.80 1.17 2.45 3.70 —2.87 1.00 237
CESD3 4.95 —3.75 0.57 1.76 5.59 —3.91 1.36 3.01 5.71 —4.04 1.31 3.03
CESD4R 3.20 —0.04 1.18 0.70 2.67 —0.04 1.62 0.92 2.69 —0.30 1.61 0.98
CESDS 4.20 —2.16 0.83 1.77 3.98 —1.65 1.84 2.15 4.48 —1.36 2.11 1.87
CESD6 6.35 —2.96 0.96 2.26 6.46 —245 2.24 2.71 6.59 —2.40 2.40 2.50
CESD7 5.20 —2.92 0.78 1.99 5.09 —2.69 1.80 2.70 5.57 —2.84 1.97 2.71
CESD8R  4.10 —2.18 1.03 1.34 4.44 —2.27 1.79 1.91 4.42 —2.33 1.85 1.87
CESD9 5.69 —3.55 0.73 2.10 541 —3.34 1.57 3.00 543 -341 1.54 2.98
CESDI10 4.97 —2.70 0.83 2.03 4.70 —2.81 1.56 2.79 4.92 —3.10 1.45 2.81
CESDI11 4.46 —2.57 0.76 1.91 3.74 —2.33 1.27 2.37 3.64 —2.33 1.19 2.32
CESDI2R  5.32 —2.65 1.05 1.92 5.32 —2.31 2.02 2.28 5.53 —2.28 2.16 2.15
CESD13 2.98 —1.86 0.70 1.44 2.86 —1.69 1.26 1.93 3.28 —1.69 1.42 2.06
CESD14 5.74 —3.28 0.76 2.19 5.69 —3.00 1.64 3.00 5.83 —2.85 1.75 2.94
CESD15 4.92 —3.34 0.61 1.91 4.86 —3.52 1.18 2.83 5.28 —3.70 1.21 2.90
CESDI6R  6.14 —3.14 1.03 2.08 6.18 —3.17 1.94 2.53 6.36 —3.14 2.04 247
CESD17 548 —1.84 1.15 1.85 4.59 —1.94 1.89 242 4.03 —2.03 1.67 2.39
CESDI8 6.45 -3.09 1.00 2.26 6.43 —3.05 2.07 2.92 6.44 —3.06 2.00 291
CESDI19 5.90 —3.22 0.84 2.17 5.56 —2.92 1.61 291 5.36 —2.95 1.54 291
CESD20 5.85 —3.30 0.79 2.15 5.79 —2.76 1.99 2.77 5.75 —2.70 2.13 2.66

Note: EI means Expected Influence. In early adolescence, the CESD4R exhibits the greatest NIRA from alleviating interventions and the greatest threshold value. The CESD18 exhibits the
greatest NIRA from aggravating interventions and the greatest EI value. In middle and late adolescence, the CESD6 shows the greatest NIRA from alleviating interventions and the greatest EI
values, while the CESD3 shows the greatest NIRA from aggravating interventions and the smallest threshold values.
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Table 3. Top five highest EI symptoms and top five NIRA score symptoms.

Top Five NIRA Score Symptoms
Alleviating Intervention Aggravating Intervention

Developmental Stages The Top Five Highest EI Symptoms

Feeling sad Feeling bad Feeling sad
Feeling depressed Crying Feeling depressed
Early adolescence Can’t enjoy life Feeling unhappy Feeling lonely
People disliked me Feeling hopeless People disliked me
Without motivation Feeling sad Without motivation
Feeling depressed Feeling depressed Feeling blue
Feeling sad Feeling sad Feeling lonely
Middle adolescence Can’t enjoy life Feeling bothered Feeling failure
Without motivation Feeling unhappy Feeling sad
Feeling lonely Without motivation People disliked me
Feeling depressed Feeling depressed Feeling blue
Feeling sad Feeling unhappy Feeling failure
Late adolescence Can’t enjoy life Without motivation Feeling lonely
Feeling lonely Trouble focus Feeling sad
Without motivation Can’t enjoy life People disliked me
Early adolescence Middle adolescence
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Figure 3. The relationships between NIRA and thresholds, and between NIRA and the expected influence (EI) centrality across
different stages of adolescence. Note: This figure comprises three subplots for early, middle, and late adolescence. Each subplot
contains two panels. The top panel shows correlations between thresholds and the NIRA from alleviating interventions (blue)
and aggravating interventions (red). The bottom panel shows the correlations between the EI centrality and the NIRA from
alleviating interventions (blue) and aggravating interventions (red). In all panels, steeper slopes indicate stronger correlations.
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4. Discussion

Using the Ising model and the NIRA, this study examined depressive symptom networks in Chinese
adolescents, identified central symptoms and effective intervention targets, and analyzed their relationships
across early, middle, and late adolescence. Ising model analyses identified “feeling sad” and “feeling
depressed” as central symptoms with the highest EI values in early and middle-to-late adolescence,
respectively. The centrality of “feeling depressed” increased from early to late adolescence, although not
significantly. Alleviating interventions identified “feeling bad” in early adolescence and “feeling depressed”
in middle and late adolescence as the effective treatment targets for which decreasing their thresholds was
projected to result in the greatest reduction in network activation. Aggravating interventions identified
“feeling sad” and “feeling depressed” in early adolescence, and “feeling blue” in middle and late adolescence
as the effective prevention targets. Worsening these specific symptoms would lead to the greatest increase in
network activation in their respective developmental stages. These results indicated that the central symptoms
were not necessarily the effective intervention targets. This study advances the understanding of the role that
central symptoms play in the depressive symptom network and provides valuable insights into selecting
effective treatment and prevention targets for adolescents with depressive symptoms.

4.1. Central Symptoms Throughout Adolescence

The central symptoms identified in this study align with prior findings. This study identified “feeling
sad” and “feeling depressed” as central symptoms in early and middle-to-late adolescence, respectively. As
prior research has demonstrated, depressed mood is the most consistent central symptom across studies
[31]. “Feeling sad” has also been identified as a central symptom in previous studies [32]. The clinical
significance of “feeling depressed” and “feeling sad” is well-documented [33]. For instance, the Diagnostic
and Statistical Manual of Mental Disorders, Fifth Edition (DSM-V) lists depressed mood as one of two core
criteria required for a diagnosis of Major Depressive Disorder (MDD) [34]. Although “feeling sad” is not
listed as a core criterion in the DSM-V, one study on patients with MDD found that those presenting with a
sad mood were more likely to experience other depressive symptoms, including social impairment [35].

Although previous research has identified central symptoms, few studies have examined changes in
the centrality of depressive symptoms across early, middle, and late adolescence. This study found that the
EI values of “feeling depressed” increased—though not significantly—from early to late adolescence. This
finding implied that “feeling depressed” might play an increasingly important role in developing the
adolescent depressive symptom network. A 6-year longitudinal study among adolescents revealed that the
stable (“trait”) component of depressed mood became more prominent with age, whereas the temporal
(“state”) component diminished over time [36]. Stable and persistent depressed mood may trigger a range
of associated emotional difficulties, such as sadness and loneliness.

4.2. Intervention Targets Across Adolescence

The simulation analyses identified several affect-related symptoms as effective intervention targets
across adolescence, including “feeling bad”, “feeling depressed”, “feeling sad”, and “feeling blue”. These
CES-D items represent broad affective experiences that may reflect different ways in which adolescents
experience and express negative emotional states.

Effective treatment targets differed from prevention targets. For instance, “feeling sad” and “feeling
depressed” emerged as prevention targets, whereas “feeling bad” served as the treatment target during early
adolescence. This distinction may reflect different functional roles that symptoms play within the
depressive symptom network. Within the Ising model, symptoms with higher thresholds tend to remain in
their current state and require stronger perturbations to change their activation status [24,29]. In the present
study, “feeling bad” showed a relatively high threshold, suggesting that it may represent a relatively stable
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psychological state within the network. Reducing such stable symptoms may therefore produce broader
changes in the overall network state, making them effective treatment targets. From a practice perspective,
interventions directly targeting treatment targets may be particularly beneficial for adolescents who already
exhibit elevated depressive symptoms [19]. By contrast, symptoms such as “feeling sad” and “feeling
depressed” may function as more sensitive indicators of network activation. These emotional states may be
more easily triggered by environmental stressors or emotional fluctuations during early adolescence. Once
activated, they may facilitate the activation of additional depressive symptoms within the network,
contributing to a broader deterioration of the network state. From this perspective, these symptoms may
serve as early warning signals that warrant attention in prevention contexts. While “feeling bad”, “feeling
sad”, and “feeling depressed” may share overlapping intervention strategies—such as cognitive—behavioral
approaches or emotion regulation training—their roles within the network may differ in terms of when they
should be prioritized during prevention versus treatment efforts.

In this study, effective intervention targets changed across different stages of adolescence. In early
adolescence, the treatment target was “feeling bad”, which, according to the CES-D scale, refers to “I felt
I was not just as good as other people”. This symptom reflects a negative self-evaluation in the context of
social comparison rather than a single emotional state [37]. It may capture adolescents’ perceptions of self-
worth relative to others, which can involve both affective and cognitive components [38]. During early
adolescence, processes of social comparison become increasingly salient as adolescents navigate changes
in peer relationships, academic expectations, and emerging self-concept [12]. Such negative self-
evaluations may therefore represent a relatively stable psychological experience that contributes to broader
depressive symptom activation. In contrast, the treatment target in middle and late adolescence was “feeling
depressed”. This difference may reflect changes in adolescents’ emotional awareness and their ability to
differentiate among emotional experiences. Research on emotion differentiation suggests that, as
adolescents mature, their cognitive and emotional capacities enable them to identify and articulate more
specific emotional experiences [9]. Moreover, during middle and late adolescence, individuals are
confronted with multiple stressors stemming from the self, family, peers, and school [12], while their
emotion regulation abilities remain immature [14]. Ineffective coping with these multiple stressors
contributes to depressive symptoms [1]. Consequently, more differentiated affective states such as “feeling
depressed” may become increasingly central to their emotional experiences in middle and late adolescence.

Furthermore, “feeling depressed” emerged as a prevention target in early adolescence, but as a
treatment target in middle and late adolescence. This developmental shift may reflect a reorganization of
symptom functioning across adolescence. In early adolescence, “feeling depressed”” may represent a more
transient and context-dependent emotional response [39,40], making it more suitable as a prevention target.
However, during middle to late adolescence, depressive affect may become increasingly internalized and
integrated with negative self-concepts and maladaptive cognitive processes such as rumination [41,42]. As
aresult, “feeling depressed” may function as a more stable and central component of the symptom network,
thereby emerging as a treatment target.

4.3. Central Symptoms Are Not Necessarily Intervention Targets

Consistent with previous research, the present findings further indicate that central symptoms are not
necessarily the most effective intervention targets [18,28]. Although central symptoms are typically assumed to
exert a stronger influence on other symptoms due to their numerous or strong connections within the network
[25], the present simulation results suggest that interventions targeting these symptoms do not always produce
the greatest changes in overall network activation.

In the present study, the roles of central symptoms differed from those identified as intervention targets.
For example, “feeling depressed” emerged as a central symptom in middle and late adolescence, yet it
served as an effective treatment target only in those developmental stages. Similarly, “feeling sad”, which
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was identified as a central symptom in early adolescence, functioned primarily as a prevention target rather
than a treatment target. These patterns suggest that the position of a symptom within the network does not
necessarily determine its potential impact when targeted by interventions. Supporting this interpretation,
the correlation analyses revealed only moderate-to-weak associations between the NIRA-derived
intervention effects and symptom thresholds, and weak-to-moderate associations with expected influence
centrality. These findings suggest that centrality alone may not fully determine a symptom’s potential as an
intervention target. Instead, other properties of the symptom network may also influence the projected
impact of symptom-specific interventions.

Another insight from the present study concerns the potential role of symptom thresholds. “Feeling
bad”, identified as the treatment target in early adolescence, exhibited the highest threshold within the
network, whereas “feeling blue”, identified as a prevention target in middle-to-late adolescence, showed
the lowest threshold. Within the Ising model framework, higher thresholds indicate that a symptom tends
to remain in its current state and requires stronger external perturbations to change its activation status
[24,29]. Targeting such relatively stable symptoms during treatment may therefore produce broader shifts
in the network state when their activation status changes. Conversely, symptoms with lower thresholds may
be more easily activated, making them particularly relevant for prevention efforts aimed at avoiding the
escalation of depressive symptoms.

Taken together, these findings suggest that both the structural position of a symptom within the network
(e.g., centrality) and its intrinsic activation tendency (e.g., threshold) may jointly shape its potential as an
intervention target. Considering multiple network characteristics may therefore provide a more comprehensive
understanding of how symptom-specific interventions influence depressive symptom networks.

4.4. Implications

This study has two main implications. First, it advances the understanding of the role that central
symptoms play within a network. Previous research has suggested central symptoms as possible
intervention targets based on the argument that highly central depressive symptoms have strong connections
to other symptoms and should have more influence on overall network activation [25]. This study indicates
that interventions targeting central symptoms do not necessarily produce the greatest change in network
activation. Symptom thresholds also affect network activation, independent of symptom centrality. Second,
simulation results highlighted the role of broad affective experiences (e.g., “feeling bad”, “feeling
depressed”, “feeling sad”, and “feeling blue) as symptoms capable of sustaining and propagating the
activation of the overall depressive symptom network throughout adolescence. These findings suggest that
when an adolescent consistently exhibits depressed affect, it should not be dismissed as exaggeration; rather,
they should receive greater attention and support. For schools, it is recommended to implement mental
health programs that educate adolescents on properly recognize and cope with depressed affect.

4.5. Limitations and Future Directions

This study has several limitations. First, cross-sectional surveys were used. Although the current
findings suggest changes in centrality of specific depressive symptoms across different stages of
adolescence, these changes should not be interpreted as longitudinal changes within individuals [43].
Longitudinal studies are needed to test these results further [44]. Second, although the intervention results
highlight potential treatment and prevention targets, these findings must be empirically validated.
Subsequent empirical studies should evaluate the impact of interventions on specific depressive symptoms.
Third, the simulation-based intervention approach relied on manipulating symptom thresholds (e.g., £2
standard deviations), which may not directly correspond to effect sizes achievable in real-world clinical or
preventive settings. The use of +2 standard deviations in the simulated interventions remains a
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simplification of complex intervention processes. Therefore, the magnitude of simulated effects should be
interpreted with caution. Future research should be designed to link simulation parameters more closely to
empirically observed intervention effects and further validate these findings in real-world contexts.

5. Conclusions

Using the Ising model and NIRA, this study examined the network structures of depressive symptoms
and identified central symptoms as well as effective intervention targets across early, middle, and late
adolescence. “Feeling sad” and “feeling depressed” emerged as central symptoms in early and middle-to-
late adolescence, respectively. In early adolescence, “feeling bad” was identified as the treatment target,
while “feeling sad” and “feeling depressed” were identified as preventive targets. In middle and late
adolescence, “feeling depressed” and “feeling blue” were respectively identified as primary targets for
alleviating and aggravating interventions. These insights provide a more comprehensive understanding of
how symptom-specific interventions influence depressive symptom networks.
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