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Background: Emerging evidence has been reported of attentional dysfunction
in pituitary adenoma patients. However, the effect of pituitary adenomas on
lateralized attention network efficiency remained to be clear. Thus, the present
study aimed to investigate the impairment of lateralized attention networks in
patients with pituitary adenoma.

Methods: Eighteen pituitary adenoma patients (PA group) and 20 healthy
controls (HCs) were included in this study. Both behavioral results and event-
related potentials (ERPs) were acquired while subjects performed the Lateralized
Attention Network Test (LANT).

Results: Behavioral performances indicated the PA group had a slower reaction
time and a similar error rate relative to the HCs group. Meanwhile, significantly
increased executive control network efficiency suggested the dysfunction of
inhibition control in PA patients. Regarding ERP results, there were no group
differences in the alerting and orienting networks. The target-related P3 was
significantly reduced in the PA group, suggesting an impairment of executive
control function and attentional resources allocation. Moreover, the mean
amplitude of P3 was significantly lateralized to the right hemisphere, and
interacted with the visual field, exhibiting that the right hemisphere dominated the
bilateral visual field, whereas the left hemisphere dominated the left visual field.
In the specific high-conflict condition, the pattern of hemispheric asymmetry in
the PA group was altered due to a mixed effect resulting from the compensatory
recruitment of attentional resources in the left central parietal area and the
destructive effects of hyperprolactinemia.

Conclusion: These findings suggested that, in the lateralized condition, the
decreased P3 in the right central parietal area and the diminished hemispheric
asymmetry under high conflict load, may serve as the potential biomarkers of
attentional dysfunction in patients with pituitary adenoma.

event-related potentials, lateralized attention network test, hemispheric asymmetry,
alerting, orienting, executive control, pituitary adenoma
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1. Introduction

Pituitary adenoma (PA) is one of the common benign intracranial
tumors of the central nervous system, accounting for almost 15% of all
cases (Hauser et al, 2019; Melmed, 2020). Emerging studies have
established cognitive impairments in executive control, attention, and
working memory both before and after surgery in patients with pituitary
adenoma (Psaras et al., 2011; Butterbrod et al., 2019; Pertichetti et al.,
2020), but the underlying neurophysiological mechanisms remain
unclear. The physical compression, treatment strategy, surgical approach,
and especially abnormal hormone levels may be responsible for the
impairment of cognitive function (Peace et al., 1997, 1998; de Oliveira
etal,, 2008; Tooze et al., 2009; Tooze and Sheehan, 2018). In Yao's opinion
(Yao etal., 2017), prolactinoma patients exhibited decreased gray matter
volume (GMYV) in the left hippocampus, left orbitofrontal cortex, right
middle frontal cortex, and right inferior frontal cortex, providing
seminal evidence for deficits in verbal memory and executive control in
patients with prolactinoma. The dysfunction of attention and inhibition
control has been extensively examined in patients with pituitary
adenomas based on neuropsychological scales and behavioral outcomes
(Miissig et al., 2011; Pertichetti et al., 2020). To our knowledge, however,
there have been few studies investigating the lateralized attentional
networks in PA patients systematically.

According to the classical attention network theory, proposed by
Posner and colleagues (Posner and Petersen, 1990; Petersen and
Posner, 2012; Posner et al., 2019), the attention network has been
divided into alerting, orienting, and executive control networks:
Alerting refers to the state of obtaining and maintaining vigilance to
upcoming information. This network may be associated with the right
hemisphere (RH), frontal, parietal, and thalamic regions, and
influenced by the norepinephrinergic system. Orienting network is for
selecting specific information from the environment by focusing on
one modality or location. Orienting is related to the cholinergic
system and is associated with the frontal eye field (FEF), intraparietal
sulcus (IPS), and other areas. Executive control network plays a major
role in monitoring and resolving task-related conflicts, including error
decision-making, and planning. This network primarily involved the
dorsal anterior cingulate cortex and the lateral prefrontal cortex and
corresponded to the dopaminergic system.

Despite their bilateral distribution, studies have shown that
attentional functions might be dominated in the right hemisphere,
particularly in the right parietal area (Mesulam, 1999; Brooks et al.,
2014). Furthermore, for visuospatial attention, attending to one side
of the visual stimuli typically corresponds to the activation of
contralateral parietal areas. Based on the above findings and the ANT
paradigm, Greene and colleagues proposed the LANT paradigm to
assess the hemispheric asymmetry in each attention network as well
as the attentional volume of each hemisphere (Greene et al., 2008). The
LANT paradigm revealed the hemispheric lateralization of each
attention network by rotating the original up and down target stimuli
by 90° and presenting to the left and right visual fields (LVE RVF).
Previous studies of attentional networks indicated that multiple
disorders, including mild traumatic brain injury (Chen et al., 2021)
and attention deficit hyperactivity disorder (ADHD) (Adolfsdottir
et al., 2008; Lundervold et al., 2011), have the potential to impair
attentional networks. Apart from a few studies related to stroke
(Russell-Giller et al., 2021) and cerebral small vessel disease (Cao
et al, 2020), to the best of our knowledge, systematic and
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comprehensive investigations based on the theory of the lateralized
attention network in patients with pituitary adenoma were limited.

Referring to the comparable Attention Network Test (ANT)
studies (Fan et al., 2002, 2005; Neuhaus et al., 2010; Williams et al.,
2016), the cue-N1 component was associated with alerting and
orienting networks. N1 was defined as an early visual attention
component that appeared 150-250 ms after the cue stimulus and was
distributed in the parietal and occipital regions. N1 was considered an
early visual processing of stimulus properties, and the amplitude
increased when the visual stimulus appeared in the attended spatial
location. Furthermore, N1 also reflected the facilitation of early
preattentive processing (Kaufman et al., 2016). Target-P3 components
were associated with the executive control network and typically
appeared around 250-500 ms after target presentation. P3 originated
in the anterior cingulate gyrus and was located in the central parietal
region, which mirrored the response inhibition process and attentional
resource allocation (Polich, 2004, 2007).

In summary, in the present study, the LANT paradigm and ERPs
were combined to investigate the hemispheric lateralization of
attention networks in patients with pituitary adenoma.
We hypothesized that (1) PA patients have significantly decreased
behavioral and ERP results in attention networks; (2) Attention
networks might be exhibited hemispheric asymmetry in two groups;
(3) The pattern of hemispheric asymmetry in PA patients might
be different from that in HCs; and (4) The serum prolactin (PRL) level

may impair attention networks in patients with pituitary adenoma.

2. Materials and methods
2.1. Participants

Twenty patients with pituitary adenoma and 25 healthy adults
matched for gender, age, and education were recruited from the General
Hospital of Central Theater Command. Inclusion criteria for the PA
group were: (1) Age: 16-55years old; (2) Right-handedness; (3)
Education: more than 6years; (4) Tumor size: less than 30 mm; (5)
Vision: normal or corrected visual acuity and visual field (VF); and (6)
Pathological diagnosed with pituitary adenoma. Exclusion criteria for
the PA group were: (1) Recurrent pituitary adenoma or pituitary
apoplexy and (2) Had taken dopaminergic inhibitors such as
bromocriptine or radiation therapy such as gamma knife before surgery.
Common exclusion criteria for both groups were as follows: (1) Had
taken neurological and psychotropic drugs such as dipipanone; (2)
History of drug or alcohol abuse in the past 3 months before surgery; (5)
Female subjects who were menstruating. Informed consent was obtained
from all subjects, and the study was approved by the ethics committee of
the General Hospital of Central Theater Command ([2018] 003-1).

2.2. Procedure and stimulus

The revised lateralized attention network test which was originally
designed by Green et al. was conducted to measure the efficiency of
attention networks within each hemisphere. Each trial, as shown in
Figure 1, was first presented with a 400-1,600 ms random fixation on
a white background and was followed by a 100ms cue stimulus
presented randomly. A cue-to-target interval of 400ms was then
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FIGURE 1
The schematic of the Lateralized Attention Network Test (LANT).
(A) Four cue conditions: No cue, Double cue, Central cue, and
Spatial cue. (B) Two target conditions: Congruent and Incongruent
targets. (C) The procedure of a single trial.

presented to avoid the overlap between two adjacent ERP components.
The target was presented up to 1700ms until the subject made a
response. A blank screen with fixation was presented at the end of the
trial. Each trial lasted for 4,000 ms, and the subject was instructed to
respond to the target as quickly as possible. The cue stimuli comprised
five conditions: No cue, Central cue, Double cue, and Left and Right
spatial cue. All spatial cues used in this study were validated, i.e., the
target always appeared in the cued visual field. Each target stimulus
was composed of a matrix of five arrows, the arrow array was displayed
at 1.62° to the left or right of fixation, as well as 1.72° of each vertical
side. The central arrow was flanked by arrows in the same direction as
the target (Congruent condition), or in the opposite direction from
the target (Incongruent). In comparison to the congruent conditions,
the incongruent target induced stronger conflict interference, which,
in turn, required more attentional resources. There was one practice
block and four experimental blocks, with a 2 min break between each
section. The experimental block consisted of 32 conditions: 4 warning
cues (No cue, Central cue, Double cue, Spatial cue) x 2 target locations
(Left or Right) x 2 flanker types (Congruent, Incongruent) x 2 target
directions (Up or Down). The presentation was randomly selected,
and each block contained 3 circles, for a total of 32x3=96 trials.
Briefly, the whole experiment contained 4 x 96 =384 valid recorded
trials, which were divided into 16 condition combinations (4 cue x 2
flanker x 2 visual field), each combination consisted of 24 trials for the
averaging of EEG epochs. Twenty-four trials covering each condition
were randomly presented for practice until the accuracy reached over
90. The whole experiment took approximately 35 min in total.

The cue and target stimuli were presented using E-prime 2.0
software (Psychology Software Tools, Inc., Sharpsburg, PA,
United States) on a 17-inch Dell monitor which was placed 60 cm
away from the eyes. In a semi-dark, quiet room, all participants were
instructed to quickly respond using the same hand’s middle or index
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finger. The mouse was rotated 90° and the target direction
corresponded to the upward and downward buttons. Response hand
was counterbalanced with a fixed order of “right-left-right-left”
across four experimental blocks, which minimized the impact of
motor reaction on the hemispheric attentional functions.

2.3. Behavioral measures

Efficiencies of hemispheric attention networks were measured by
comparing reaction time (RT) and error rate (ER) across conditions.
Noted that responses longer than 1700 ms or shorter than 200 ms were
considered delayed responses or expectancy effects and should
be excluded. Therefore, lateralized network effects were calculated
using the following equations, and the error rates were calculated by
the same RT formula.

1) Right alerting effect=RT,, ce = RTouble cue (right target)

Left alerting effect=RT,, cue = RTuouble cve (left target)

Right orienting effect = RTutral cue = RTvight spatial cue (right target)

4) Left orienting effect = RT enrat cue = RT lefespaciat coe (eft target)

5) Right executive control effect = RT;,congruent flanker = R congruent flanker
(right target)

(6) Left executive control effect = RT;ycongruent flanker = R congruent flanker

(left target)

2.4. EEG recording and analysis

A 64-channel EEG data was recorded by ANT Neuro's eegoTM
mylab EEG system and the electrode distribution was matched to the
international 10-20 system. Online EEG acquisition was performed
with eegoTM acquisition software, with a sampling rate of 1,000 Hz
and an online bandpass of 0.3-100 Hz. The impedance was reduced
below 10 KQ, and all electrodes were referenced to the CPz electrode.
Offline EEG data was analyzed with MATLAB 2020b platform and
was performed with a bandpass of 1-40 Hz, as well as a notch filter at
50Hz to remove alternative interferences. All EEG data were
segmented from 200 ms pre-stimulus to 1,000 ms post-stimulus, and
the baseline was corrected by the mean amplitude of the 200 ms
pre-stimulus. Artifacts were removed by independent component
analysis (Chaumon et al., 2015). EEG data were re-referenced to
average reference, and EEG epochs were then separately extracted and
averaged across conditions for each subject. Finally, the mean
amplitude of ERP component was extracted for visualization of the
topographic map and further statistical analysis.

2.5. Serum hormone levels assessment

In patients with pituitary adenoma, rapid peripheral venous blood
samples were taken at 8:00-9:30 am to minimize the effect of hormonal
circadian rhythms. Chemiluminescent immunoassays (Roche, Cobas
8,000, Switzerland) were used to determine the serum prolactin level
(ng/ml). Serum was also diluted 1:100 if necessary to rule out
hook effects.
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2.6. Statistical analysis

Behavioral and EEG data were analyzed using the statistical
software SPSS 27.0. The demographic characteristics of the two groups
were compared by independent samples -test (e.g., age, education)
and Chi-square test (gender). Behavioral data were extracted and
summarized for each condition, and the mean reaction time and the
mean error rate of the subjects were computed. Condition-level
analysis: All data were included in a 4-way repeated-measures
ANOVA for further analysis. 4 Cue (No cue, Central cue, Double cue,
Spatial cue) x 2 Target (Congruent, Incongruent) x 2 Visual field (Left
and Right) x 2 Group (PA and HCs). Network-level analysis: A 2-way
repeated-measures ANOVA (2 Visual field x 2 Group) was conducted
for each network based on the network effect results.

The EEG segments were averaged separately for 4 cues and 2
target stimuli. Alerting network: The mean amplitude of N1 in the
averaged left (P7) and right (P8) parietal regions was extracted and
included in a 2-way repeated-measures ANOVA (2 Cue type x 2
Group). Orienting network: The same N1 component was used to
measure the orienting effect. Given the cue stimuli were presented in
both visual fields, the factors of visual field (LVE, RVF) and hemisphere
(Left hemisphere (LH), Right hemisphere (RH)) were included in a
3-way repeated-measures ANOVA (3 Cue type x 2 hemisphere x 2
group). Executive control network: Resembling the orienting network,
the visual field, and the hemisphere factors were added in a 4-way
repeated-measures ANOVA (2 Target type x 2 visual field x 2
hemisphere x 2 group). Multivariate test results were examined if
violations of sphericity. Post-hoc simple effect results were corrected
by the Bonferroni approach. At the same time, a Spearman correlation
analysis was performed to investigate the relationship between serum
PRL levels and attentional function. «=0.05.

3. Results
3.1. Demographic characteristics

Twenty patients with pituitary adenomas were recruited in this
study, and 2 were excluded because of excessive artifacts in the EEG
data. Twenty-five healthy controls were recruited, 1 was excluded due
to high error rates, and 4 were excluded due to poor data quality.
Ultimately, 18 patients and 20 healthy controls matched for age, sex,
and education were included in this study. Detailed characteristics are
shown in Table 1.

3.2. Behavioral results

3.2.1. Condition-level analysis

RT: A 2 group X 4 cue X 2 flanker x2 visual field 4-way repeated-
measures ANOVA was conducted to investigate the group differences
across conditions. A main group effect was found [F (1,36) =13.815,
p=0.001], Post-hoc analysis revealed that the reaction time in the PA
group was longer than HCs. [PA: (713.840+21.851) ms; HCs:
(601.888+20.730) ms]. Meanwhile, there was a significant main effect
of cue and flanker condition [Cue: F (3,34)=247.788, p<0.001;
Flanker: F (1,36) =299.561, p<0.001]. Further analysis indicated a
significant group interaction effect with cue and flanker. [Cue*Group:
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F (3,34)=2.966, p=0.046; Flanker*Group: F (1,36)=18.533,
p<0.001]. Simple analysis suggested that RTs were significantly longer
in the PA group for all types of cues and flankers (p<0.01).

ER: Resembling ANOVA was conducted, and the results revealed
a significant main cue effect [F (3,108) =6.264, p <0.001] and main
flanker effect [F (1,36)=12.615, p=0.001]. For both groups, the
ANOVAs revealed a flanker x cue interaction effect. [F (3,108) =2.736,
p=0.047]. In contrast, there was no significant difference between two
groups [F (1,36)=0.625, p=0.434].

3.2.2. Network-level analysis

RT: The ANOVA of alerting network exhibited a significant main
group effect. [F (1,36) =8.460, p=0.006], with the HCs group showing
greater network efficiency than the PA group [PA: (33.041 +4.884) ms;
HCs: (52.624 +4.634) ms]. The main visual field effect was significant
[F (1,36) =7.003, p=0.012], showing a left visual field bias in alerting
network efficiency [R: (35.157 +4.528) ms; L: (50.507 £4.357) ms]. For
the orienting network, both main group effect and group interaction
effects were not reached significant differences. [F (1,36)=0.434,
p=0.514]. Concerning the executive control network, a significant
difference was found between the two groups [F (1,36)=17.251,
p<0.001], with the PA group having a significantly greater efficiency.
[PA: (104.924+7.872) ms; HCs: (59.858 +7.468) ms].

ER: For each attentional subnetwork, no significant main effects
or interaction effects were found in the ER analysis. [Alert: F
(1,36)=0.045, p=0.832; Orient: F (1,36) =0.037, p=0.849; Executive:
F(1,36)=0.339, p=0.564].

3.3. Electrophysiological results

3.3.1. Alerting (no cue vs. double cue)

The waveforms of ERPs evoked by no cue and double cue are
depicted in Figure 2. The mean amplitudes of cue-locked N1 in the
time window of 180-230ms were averaged and extracted for both
temporoparietal regions (P7, P8). Data were calculated for a 2 group
(PA vs. HCs)x2 cue (No cue vs. Double cue) repeated-measures
ANOVA. Although the results indicated that both groups showed the
main cue effect [F (1,36)=85.585, p<0.001], no group differences
were found in the alerting network [F (1,36) =0.115, p=0.736].

3.3.2. Orienting (central cue vs. spatial cue)

Figure 3 shows ERPs evoked by central and spatial cues in two
groups. Given the lateralization of the orienting network, bilateral
temporoparietal regions (Left-P7, Right-P8) were considered for
extracting the mean amplitude of N1 within the defined time window
of 180-230ms. The ANOVA results showed a significant cue effect

TABLE 1 Comparison of the demographic characteristics in both groups.

HCs ‘ Patients ‘ p
N 20 18 /
Females/Males 8/12 12/6 0.100
Age (years) 34.55+11.048 38.78+10.619 0.238
(M£SD)
Education 14.45+3.332 12.67£3.531 0.118

(years) (M +SD)
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FIGURE 2
Alerting-related N1 components as measured at averaged P7 and P8 electrodes and topographic voltage maps for two groups. (A) Grand-averaged N1
components at averaged P7 and P8 electrodes. PA group: red lines; HCs group: blue lines; No cue condition: solid lines; Double cue condition: dashed
lines. (B) Topographic voltage maps in the no cue condition for both groups. (C) Topographic voltage maps in the double cue condition for both
groups.

and a CuexHemisphere interaction [Cue: F (2,35)=13.493, p<0.001;
Cue*Hemisphere: F (2,35)=70.476, p <0.001]. Post-hoc simple effect
analysis revealed a larger N1 amplitude in the central cue compared
to the two spatial cues [Central cue: (—2.122+0.311) pV; Right cue:
(—1.643+0.243) pV; Left cue: (—1.442+0.245) pV]. Regarding the
interaction effects, in the central cue condition, a similar distribution
of N1 was found in both left and right hemispheres [F (1,36) =0.693,
p=0.411], whereas the unilateral visual field orienting response
(spatial cue) elicited contralateral parietal activation [Right cue: F
(1,36)=42.566, p<0.001; Left cue: F (1,36)=42.565, p<0.001]. In
contrast, no group effect was found in the orienting network [F
(1,36)=0.017, p=0.898], suggesting that comparable orienting
functions were elicited in both groups.

3.3.3. Executive control (incongruent vs.
congruent)

The incongruent and congruent conditions are shown in
Figure 4. We defined the time window of P3 as 290-400 ms based
on the peak latency. To further examine the distribution of P3 in
both hemispheres, P1 and P3 were categorized as the left central
parietal area (LCP), and P2 and P4 were categorized as the right
central parietal area (RCP). The ANOVA results indicated that there
was a significant main group effect and a flankerxgroup interaction
[Group: F (1,36) =6.854, p=0.013; Flanker*Group: F (1,36) =5.283,
p=0.027]. Post-hoc analysis revealed that the P3 amplitude of the
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HCs was larger than that of the PA [HCs: (1.179+0.284) pV; PA:
(0.098+0.300) puV], and both flanker conditions exhibited an
increase in the amplitude of P3 in the HCs compared to the PA
group [Incon: F (1,36)=4.796, p=0.035; Con: F (1,36) =9.065,
p=0.005]. Notably, a significant main effect of the hemisphere has
been observed in the ANOVA results and interacted with the visual
field [Hemisphere: F (1,36)=7.162, p=0.011; VF*Hemisphere: F
(1,36)=11.254, p=0.002]. Simple effect analysis showed significant
lateralization of the right hemispheric which indicated a larger P3
amplitude in the RCP compared with the LCP [LH: (0.426 £ 0.229)
pV; RH: (0.851+0.213) pV]. Moreover, no difference in P3
distribution was observed when the target presented in the LVF [F
(1,36)=0.091, p=0.764], while significant RCP-biased P3
distribution was observed when the target presented in the RVF [F
(1,36)=18.479,  p<0.001],
distribution of P3.
Furthermore, a significant main group effect was found in the
flankerxVF x hemisphere interaction [F (1,36) =7.544, p=0.009], and
a further simple effect analysis indicated that regardless of the flanker

showing an asymmetric

conditions and the different visual fields, HCs elicited a larger mean
P3 amplitude in the RCP compared to the PA group (p<0.05).
Considering the incongruent right visual field, a consistent RCP
dominance of the P3 was found in the HCs [F (1,36)=16.431,
p<0.001], whereas a uniform distribution of P3 was found in the PA
group [F (1,36) =3.669, p=0.063].
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FIGURE 3
Orienting-related N1 components as measured at averaged P7 and P8 electrodes and topographic voltage maps for two groups. (A) Grand-averaged
N1 components and topographic voltage maps in the central, right, and left spatial cue conditions for the PA group. Central cue: red line; Right spatial
cue: blue line; Left spatial cue: green line. (B) Grand-averaged N1 components and topographic voltage maps in the central, right, and left spatial cue
conditions for the HCs group. Central cue: red line; Right spatial cue: blue line; Left spatial cue: green line.

3.4. Correlation analysis results

In the PA group, a bivariate Spearman correlation analysis was
performed between the serum PRL level and mean amplitude of P3
across conditions. The results revealed that a positive correlation was
observed between the serum PRL level and the P3 amplitude of the
LCP in the incongruent RVF conditions (r=0.498, p=0.035; Figure 5).

3.5. Exploration results

Behavioral findings depicted increased efficiency of the
executive control network in the PA group. Reversed P3 results were
demonstrated, suggesting executive dysfunction in the PA group.
Thus, to resolve the conflict results, we conducted another 2 visual
field x 2 flanker x 2 group, 3-way repeated-measures ANOVA. The
results revealed a main group effect and a significant flankerxgroup
interaction [Group: F (1,36) =14.671, p <0.001; Flanker*Group: F
(1,36)=17.251, p<0.001]. Simple effect analysis results exhibited a
prolonged RT in the PA group [PA: (716.488+21.729) ms; HCs:
(601.762 +20.614) ms]. Furthermore, PA patients responded more
slowly than HCs in both flanker conditions [Incon: F (1,36) = 18.902,
p<0.001; Con: F (1,36)=9.925, p=0.003]. In contrast, the target
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effect size (RTcon - RT,,n) Was significantly larger in the PA group
relative to the HCs group [PA: (104.924+7.872) ms; HCs:
(59.858 +7.468) ms].

4. Discussion

We combined a lateralized attention network paradigm with
event-related potential techniques to examine the impairment and
lateralization of each attention subnetwork in pituitary adenoma
patients. In terms of behavioral performance, the temporal and spatial
cue effects, as well as the flanker effect, could be evoked significantly
by the LANT task. In line with previous findings based on ANT and
LANT paradigms (Greene et al., 2008; Neuhaus et al., 2010; Thiebaut
de Schotten et al., 2011), the decreased reaction time reflected the
facilitatory effect of temporal and spatial cues on target responses.
Both groups exhibited similar error rates in each subnetwork, but the
PA group showed prolonged RTs in all conditions relative to HCs. To
maintain relatively high accuracy for the same cue and target stimuli,
excessed attentional resources have to pay for conflict resolution.
Thus, we believed that the pituitary adenoma was more likely to
impair global attentional processing, which has been demonstrated in
previous studies (Chen et al., 2022).
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Executive-related P3 components as measured at the Pz electrode, and lateralized topographic voltage maps between groups and conditions.

(A) Grand averaged P3 components from the Pz electrode in both flanker conditions. PA group: red lines; HCs group: blue lines; Incongruent
condition: solid lines; Congruent condition: dashed lines. (B) Lateralized topographic voltage maps between two groups in (1) Incongruent left spatial
condition, (2) Incongruent right spatial condition, (3) Congruent left spatial condition, and (4) Congruent right spatial condition.
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The correlation between serum PRL level and mean amplitudes of

the left central parietal P3 in the incongruent right spatial condition
for the PA group.

Network efficiency results revealed that the PA group had lower
alerting network efficiency but higher executive control network
efficiency relative to the HCs. Given the differences in the visual field,
a significant LVF alerting effect was found in the PA group. Although
some studies have shown a significant LVF-RH dominance for alerting
(Heilman and Van Den Abell, 1979; Funnell et al., 2003), these
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warning cues were only presented on the unilateral visual field instead
of bilateral visual fields. In line with the present study, the results of
Asanowicz (Asanowicz et al., 2012) indicated no visual field differences
in the alerting network efficiency, which was induced by a revised
LANT paradigm. Therefore, the visual field differences in alerting
network in the PA group could be explained by the small sample size
and the heterogeneity of tumor types. Regarding the inconsistent

alerting network results in the N1, we hypothesized that RT was an

indicator that measured alerting indirectly, Because RT reflected the

full stages of cognition from receiving warning signals, arousing the

alerting state to making a response ultimately. ERPs, on the other
hand, can capture and quantify the alerting state specifically, and may
not be predicted accurately by the behavioral results.

Although greater executive control efficiency was found in the PA
group compared to HCs, further results from the ANOVA revealed
that the PA group had prolonged RTs in both flanker conditions, and
the difference was still greater than the HCs. Whereas the PA group
responded slower in both target conditions, and significantly longer
RTs were observed in the PA group when an incongruent condition
was presented. Thus, we believed that the smaller efficiency of the
executive control network indicated greater executive functions,
which was consistent with previous evidence explained by the right
hemisphere specialization in executive functions (Milham et al., 2001;
Asanowicz et al., 2012). Overall, we hypothesized that greater
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efficiency of the executive control network corresponded to worse
executive functions, indicating dysfunction of inhibition control in the
PA group.

P3 modulated the inhibition control processes to the target
stimuli, as well as the allocation of attentional resources (Polich,
2007; Kratz et al., 2011). In the HCs, the direction of P3 evoked by
the target was opposite to RT, with larger P3 amplitudes
corresponding to shorter RTs, which may be interpreted as task
difficulty (Polich, 1987). More difficult tasks required greater
attentional demands and evoked smaller P3 components, in other
words, decreased P3 components mirrored the limitation of
attentional capacity. Therefore, reduced P3 amplitudes across
conditions in the PA group were indicative of executive control
dysfunction and decreased attention allocation, which was
supported by previous findings in PA patients (Tooze et al., 2009).
The LANT task provided a notable advantage for investigating the
lateralization of attention networks. The stimuli in the ANT task
were presented on the midline, thus no visual field differences were
induced, whereas the stimuli in the LANT task were presented in
both visual fields and might be induced by the hemispheric
differences in the P3 component. Studies have found a right
hemisphere dominance in executive functions, whereas the left
hemisphere has been shown to play an important role in semantic
information processing (MacLeod, 1991; Russell-Giller et al., 2021).
Therefore, the RCP distribution of the P3 component in the present
study supported the RH dominance theory of executive function.
Furthermore, the ANOVA results also exhibited a significant
VF xhemisphere interaction, which indicated that the RH
dominated the bilateral visual field information, while the LH only
predominantly processed the left visual field information. The
interaction results partially supported the theory of hemispheric
lateralization (Nobre et al., 1997). Indeed, studies with a rapid serial
visual presentation (RSVP) task have demonstrated that larger RH
P3 was evoked in the RVE, whereas the LVF predominantly evoked
the P3 in the LH, indicating a significant ipsilateral activation
(Zhang et al., 2022). Further efforts at lateralization were needed to
interpret the potential VF asymmetry of the executive
control network.

Surprisingly, the 4-way (FlankerxVF xHemispherexGroup)
ANOVA ERPs results showed a main group effect in the pattern of
hemispheric asymmetry when the flanker factor was included. Unlike
the HCs group with a right hemispheric dominance when an
incongruent target presented on the RVE the PA group manifested a
bilateral distribution of the P3. One reasonable interpretation was that
reduced RCP capacity to RVF stimuli led to a compensatory activation
in the LCP, highlighting the recruitment of resources from the
non-task-dominant hemisphere. This view was consistent with Paitel’s
findings for age-related alteration in inhibitory control, whereas
compensatory recruitment occurred at low-moderate task demands,
which was indicative of depleted neural reserves (Paitel and Nielson,
2021). However, different from the stop-signal task (SST), the P3
component evoked by LANT was correlated with the allocation of
attentional resources and conflict resolution. Therefore, under high
attentional demand, additional contralateral hemispheric resources of
attention were recruited for task response, leading to enhanced
activation in the LCP and the absence of RH dominance. In Weissman
and Welcome’s view (Weissman and Banich, 2000; Welcome and
Chiarello, 2008), increasing task difficulty required the recruitment of
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both hemispheres, resulting in an attenuated hemispheric asymmetry.
Overall, to overcome the decreased attentional function in the RCP
under high conflict conditions, attentional resources in the LCP were
required in patients with pituitary adenomas, which led to the
elimination of the RH-dominated pattern.

This pattern of contralateral activation in the orienting network
was consistent with previous evidence (Hill-Jarrett et al., 2015).
Unfortunately, however, the pattern of N1 activation was similar in
both groups, suggesting that PA patients may preserve adequate
orienting function. Retinal eccentricity modulated attentional
demands (Beaton and Blakemore, 1981; Asanowicz et al., 2012), and
larger eccentricities may make targets difficult to discriminate and
require additional attentional resources. Therefore, in the present
study, cues and target stimuli may not be presented peripherally
enough for allocating resources in orienting. The greater horizontal
distance of stimuli presentation and increased differentiation of
orienting networks between groups may be beneficial for the further
investigation in functional status of orienting networks in
PA patients.

Lastly, a significant negative correlation between serum PRL levels
and executive functions was found in prolactinoma patients,
suggesting the toxic effect of hyperprolactinemia on cognitive
functions (Yao et al., 2017; Chen et al., 2022). Meanwhile, the absence
of lateralization in the PA group may result from compound factors
that mainly contained the compensatory effect of LH and the
destructive effect of hyperprolactinemia. The former enhanced the
recruitment of attentional resources, and the latter may attenuate the
standard lateralized activation pattern and reduce the efficiency of the
executive control network.

5. Conclusion

The present study provided behavioral and electrophysiological
evidence of alteration in lateralized attention networks evoked by the
LANT paradigm in patients with pituitary adenoma. No ERP
differences were found in alerting and orienting network, except for a
specialized pattern of contralateral activation in orienting N1
component. More importantly, the executive network P3 exhibited
lateralization to RH, and decreased P3 amplitude in the PA group
revealed impairment of inhibition control and reduced attentional
resource allocation. Moreover, attenuated hemispheric asymmetry of
P3 was observed in PA patients, which may be attributed to the mixed
effect including the compensatory recruitment of attentional resources
in LCP and the destructive effects of hyperprolactinemia. These
findings suggested that, in the lateralized condition, the decreased
P3 in the RCP and the diminished hemispheric asymmetry under
high conflict load, may serve as the potential biomarkers of attentional
dysfunction in patients with pituitary adenoma. In addition, the
findings above provide further evidence for functional recovery in
post-surgery pituitary adenoma patients.
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