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Fig. 4 Topographical maps of average z-scores for oxyHb between
patients with MCS (n = 6) and controls (n = 6). MO mandarin
orange, Pf perfume, NO non-odorant, JC Japanese cypress, Mt
menthol. Numbers in parentheses indicate the order of the 10
repetitions (1-10)

olfactory stimulation test. And then, the NIRS imaging
revealed that the CNS of patients with MCS may have been
confused in the late stage of the olfactory stimulation test
[14]. The results of the present study support this
hypothesis.

Physical and psychological measurements

Table 3 shows the results of the ¢ test for the physical and
psychological scales. CSS-SHR scores were significantly
higher of patients with MCS than of controls (p < 0.001).
Thus, chemical sensitivity in patients with MCS was
demonstrated not only by the results of QEESI but also by
those of the CSS-SHR scale. In the psychological evalua-
tions, the APQ (p < 0.1) and TAS-20 DIF (p < 0.1) scores
showed a higher tendency only for patients with MCS
compared with controls, probably because of the small
sample size, but these differences were significant in our
previous study [14]. No significant differences were ob-
served in the SSAS, TAS, MCSD, TMAS, TAS-20 total,
TAS-20 DDF, and TAS-20 EOT scores, similar to our
previous study [14].

Discussion

As shown in Fig. 2, strong activation was observed during
olfactory stimulation with several different odorants in
patients with MCS compared with controls. All patients
with MCS participating in this study had participated in our
previous study [14]. Although the previous study had been
conducted 1-2 years before this study, similar responses
were observed in both.

The first olfactory stimulation with MO (1) lead to in-
creased rCBF levels in the PFC, which was not sig-
nificantly different between patients with MCS and
controls. Because MO (1) was the first test, the patients
may not have had the chance to get used to the olfactory
stimuli and the response may have been caused by affective
tension. After the first test, rtCBF levels in controls re-
mained almost stable until the end of the test involving MO
(10). Thus, we did not superimpose the data of first and
second block but showed all the data as the results.

In the subjective measurement by irritating and hedonic
scales and physical and psychological measurements, the
overall results were similar to our previous study [14] and
were reproducible. In the present study, even after olfac-
tory stimulation, significant activations were observed in
the PFC of patients with MCS than in that of controls. The
activations were especially strong on both right and left
sides of OFC in the PFC. Further, the activations in both
patients with MCS and controls were suppressed after the
olfactory stimulation involving NO, and the differences
were not significant. These results indicate that the olfac-
tory system in patients with MCS adequately distinguishes
the non-odorant. Comparing the rCBF between the first and
second exposures revealed significant correlations in both
patients with MCS and controls for all stimuli, with the
exception of MO and NO in patients with MCS. The lack
of correlation in the MO and NO test in patients with MCS
may be due to the small sample size.

An odorant-related increase in activation in the ACC has
been observed in patients with MCS [18]. The ACC is
involved in adequate control of top—down or bottom-up
modulation of stimuli and is connected to the PFC. Past
exposures to hazardous chemicals are stored as memories
in the PFC through olfactory nerve circuits, causing various
physical or psychological responses such as emotional,
visceral, or autonomic responses during the processing of
top—down stimuli when exposed to odorants later in life
[14]. In the present study, we found that recovery from
activation in the PFC after an olfactory stimulation is de-
layed in patients with MCS compared with controls. These
findings support the current understanding of the pathology
of this disorder: compared to healthy subjects, patients with
MCS strongly respond to odorants that they encounter in
daily life, the repeated daily exposure to the odorants keeps
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Fig. 5 Average ¢ value of each channel comparing z-scores for negative correlations (p < 0.05). Yellow rectangles denote positive
oxyHb between patients with MCS (n = 6) and controls (n = 6). Red correlations (p < 0.10), and green rectangles denote negative corre-
rectangles denote statistically significant positive correlations lations (p < 0.10). The channels are located in the position shown by
(p <0.05), and blue rectangles denote statistically significant the white double line rectangle below

them in a reactive state. Due to their physical and psy-  connections, with primary emotion areas including the
chological intolerance to odorants, the patients try to avoid  amygdala, hippocampus, and OFC [39, 40]. Olfactory
exposure to the odorants. In this study, 4 patients with  stimulation directly activates amygdala neurons, innervat-
MCS had episodes of initial exposure to chemicals that  ing a region in the OFC. The olfactory sense has a unique
triggered the first symptoms. These included organic sol-  intimacy with the emotion system, and the perception of
vents or incense at the workplace, exhaust gas from diesel ~ smell is known to be dominated by emotion [41]. Strong
machines in the neighborhood, odors from pesticides, or  activation in the OFC might remain as potent affective
fragrance from a neighbor. Two patients had episodes of  experiences following olfactory stimuli in patients with
repeated exposure to solvents emitted from a neighboring ~ MCS compared with controls. In this study, lateral or-
industrial plant or a neighboring paint store, respectively.  bitofrontal regions were specifically activated in the pa-
Patients with MCS complained about a chemical-sensitive  tients with MCS. The valence of odors is represented in
condition thereafter. The psychological evaluations in our  particular in the OFC [42]. Nearly all odors were evaluated
study support the theory of a strong response in patients  as unpleasant by the MCS patients in the subjective

with MCS. evaluation after the stimulation. Pleasant odors preferen-
In the recovery stage after the stimulation, the activation  tially activate medial orbitofrontal regions, whereas un-
was especially strong in the OFC. The olfactory neu-  pleasant odors activate more lateral regions [43-46]. The

roanatomy is intertwined, via extensive reciprocal axonal  strong activations of the lateral OFC in the patients with
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Table 3 Results of the ¢ test for the physical and psychological scales

Scales MCS (n = 6) Controls (n = 6) p value
QEESI (CD) 75.0 (19.2) 4.2 (5.3) <0.001*
QEESI (OI) 33.2 (24.1) 6.7 (15.8) 0.048*
QEESI (SS) 72.7 (13.5) 5.2 (11.3) <0.001*
CSS-SHR 51.7 (2.2) 32.5(3.8) <0.001*
SSAS 34.3 (8.7) 28.0 (5.2) 0.156
APQ 178.3 (39.4) 131.2 (42.6) 0.075
TAS 13.3 (7.7) 12.8 (10.4) 0.927
MCSD 16.0 4.7) 20.5 (5.1) 0.141
TMAS 11.0 (4.1) 8.2 (1.5) 0.156
NAS 37.0 (17.0) 27.5 (8.6) 0.250
TAS-20 total 48.7 (16.2) 38.0 (4.0) 0.172
TAS-20 DIF 14.5 (5.4) 9.5 (3.0 0.076
TAS-20 DDF 12.8 (4.8) 10.3 (1.2) 0.264
TAS-20 EOT 213 (7.2) 18.2 (4.0) 0.375

Values are expressed as means (£standard deviations)
CI chemical intolerance, OI other intolerance, SS symptom severity
* Significant at p < 0.05

MCS suggest that these odors were extremely unpleasant
for the MCS patients.

Both the ACC and OFC are implicated in decision-
making, emotion, and social behavior. Recent evidence
suggests that the ACC and OFC make distinct contributions
to each of these aspects of decision-making [47]. The OFC
is involved in the cognitive processing of stimuli and the
representation of preferences. The ACC may mediate the
relationship between a past experience and the choice of
the next action. Thus, our results suggest that a past strong
exposure to hazardous chemicals activates the ACC (and
the connected PFC) during olfactory stimuli in the patients
with MCS, and a strong activation in the OFC remains after
the stimuli. In particular, the lateral OFC is specifically
activated when the odor is unpleasant for the patients with
MCS. However, the OFC and ACC are anatomically in-
terconnected, and their interaction stimulates decision-
making. Their individual function independent of each
other remains unclear. Further research is required to un-
derstand the recovery process in MCS and the pathology of
this disorder.

The present study has some limitations. First, the very
small sample size makes the results vulnerable to selection
bias. This could be alleviated by including a larger study
population. However, despite the small sample size of this
study, differences between the patients with MCS and the
controls in the NIRS imaging were evident. The results
indicate that the evaluation combining NIRS imaging with
olfactory stimulation tests is a valuable method for the
objective evaluation of MCS. Second, to the best of our
knowledge, this is the first case—control study evaluating

changes in rCBF in the PFC using NIRS imaging after
olfactory stimulation in patients with MCS. Further long-
time evaluation after olfactory stimulation would provide
valuable information for understanding the pathology of
MCS. A third limitation of this study is the lack of
standardized objective measures to identify and define
MCS. Therefore, most definitions of MCS are entirely
qualitative, relying on subjective reports of distressing
symptoms and environmental exposure from patients and
clinicians. Several individuals with self-reported MCS
symptoms were excluded, at the discretion of the clinic
physician, because of mental disorders or allergic
symptoms.

In conclusion, despite the small sample size, this ex-
perimental study detected an activation that remained even
after olfactory stimulation, specifically in the PFC of pa-
tients with MCS. We propose that recovery from such
activation is delayed in patients with MCS and that their
chemical-sensitive state remains due to the repeated daily
exposure, leading them eventually to develop intolerance
to these odorants. Our study demonstrates that NIRS
imaging objectively reflects the status of patients with
MCS.
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