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Methods: Four electronic databases were searched from inception until 2020. The
quality assessment was performed using STROBE criteria. Studies were included if
they investigated BPV (including either frequency or time domain analysis) in individu-
als with mental illness (particularly anxiety/generalised anxiety disorder, depression/
major depressive disorder, panic disorder and hostility) and without hypertension. Two
authors independently screened titles, abstracts and full texts. A third author resolved
any disagreements.

Results: Twelve studies met the inclusion criteria. Three studies measured short-term
BPV, two measured long-term BPV and seven measured ultra-short-term BPV. All stud-
ies related to short-term BPV using ambulatory and home blood pressure monitoring
found a higher BPV in individuals with depression or panic disorder. The two stud-

ies measuring long-term BPV were limited to the older population and found mixed
results. Mental illness is significantly associated with an increased BPV in younger

and middle-aged adults. All studies of ultra-short-term BPV using standard cardiac
autonomic assessment; non-invasive continuous finger blood pressure and heart rate
signals found significant association between BPV and mental illness. A mixed result
related to degree of tilt during tilt assessment and between controlled and spontane-
ous breathing were observed in patients with psychological state.

Conclusions: Current review found that people with mental illness is significantly
associated with an increased BPV regardless of age. Since mental illness can contribute
to the deterioration of autonomic function (HRV, BPV), early therapeutic intervention

in mental illness may prevent diseases associated with autonomic dysregulation and
reduce the likelihood of negative cardiac outcomes. Therefore, these findings may have
important implications for patients'future physical health and well-being, highlighting
the need for comprehensive cardiovascular risk reduction.
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Introduction

Mental illness, such as anxiety, depression and bipolar disorder, poses a significant global
disease burden [64]. The presence of mental illness is associated with increased morbid-
ity and mortality [36]. Cardiovascular disease is the most common cause of death among
individuals with mental illness [15, 36, 50]. This led to the hypothesis that individuals
with mental illness have greater blood pressure fluctuations resulting in increased car-
diovascular risk and target organ damage [36, 40].

Impaired autonomic function, as reflected in both sympathetic and parasympathetic
activity of the autonomic nervous system, is associated with an increased risk of car-
diovascular diseases [14]. Conventional methods to assess autonomic function include
measurement of heart rate and blood pressure changes in response to a series of chal-
lenge manoeuvers. These methods are relatively crude and lack sensitivity, and therefore
not routinely used in practice [11]. Newer methods of measuring heart rate and blood
pressure changes include measurement of heart rate variability (HRV) and blood pres-
sure variability (BPV). These methods require minimal patient cooperation and have a
high level of sensitivity.

HRYV is an assessment of beat-to-beat variation in the heart, and is increasingly used
because it is simple to measure and is a reliable indicator for autonomic function [4,
40]. Based on studies on heart rate estimation, electrocardiogram (ECG) signals will
first undergo a pre-processing step that includes denoising, segmentation, and filtering
to remove any undesirable noise or artefacts [49]. The other purpose of filtering is to
emphasise the heartbeat peaks (QRS process) of the ECG signals so that the distance
between consecutive peaks can be measured (i.e. each R peak corresponds to a heart-
beat) [51]. Heart rate and heart rate variability values can be estimated once these steps
are completed. A review of heart rate variability and psychopathology suggested that a
constantly changing heart rate is a sign of healthy regulatory systems that can success-
fully adjust to environmental and psychological challenges [47]. Reduced HRV, on the
other hand, indicates that the body’s stress response is not optimal, potentially exacer-
bating the negative effects of chronic stress and increasing the risk of stress-related med-
ical conditions. Previous studies reported that HRV indices, as provided by telemedicine
and remote healthcare applications [51] were significantly reduced in patients with
depression [31, 53] and anxiety disorders, including generalised anxiety disorder (GAD),
social anxiety disorder, panic disorder and post-traumatic stress disorder [16, 32]. Thus,
we can conclude from a number of studies on HRV and mental illness that lower HRV
in patients with mental illness is associated with poorer cardiovascular health outcomes
and a variety of vascular diseases [2].

On the other hand, BPV refers to fluctuations in blood pressure that occur within sev-
eral minutes, over a 24-h period or a longer period of time (several years) [45]. While
blood pressure fluctuations over a 24-h period are normally obtained using non-invasive
ambulatory blood pressure recorders, continuous, beat-to-beat blood pressure measure-
ments are acquired using the photoplethysmographic (PPG) technique. Long-term BPV
has been associated with stroke and coronary events in high-risks patients [55], while
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visit-to-visit short-term BPV is a prognostic indicator for cardiovascular mortality in
patients with hypertension [44]. Although the association between BPV and coronary
diseases has been widely reported, the mechanisms linking these two are unclear due to
the dynamic nature of blood pressure, which fluctuates with environmental stimulations
and daily life challenges [44, 46]. According to Parati et al. [46], some modifiable risk
factors that may alter BPV and affect cardiovascular health outcomes include subjects’
reactivity to emotional stimuli (.e.g., mental state, physiological stress) and behavioural
factors (e.g., level of physical activity, sleep cycles, postural changes).

While BPV has been widely studied in hypertension [34, 62], less is known about its
relationship with mental illness. Several studies have reported an increase in BPV in
individuals with mental illness, which has been linked to an increase in their cardiovas-
cular risk and target organ damage. However, conflicting findings with regard to BPV in
patients with psychological disorders have been reported. This may be caused by incon-
sistencies in the study design among different clinical studies, measurement techniques
and experimental procedures as well as types of BPV analysis. Therefore, the current sys-
tematic review aims to (i) investigate the association between mental illness and BPV;
and (ii) provide an in-depth analysis on the study design, blood pressure (BP) measure-
ment techniques and assessment intervals as well as types of BPV indices used in each
study. This would help improve the design of future clinical trials, which aim to identify
the relationship between BPV and psychological disorders and use BPV as early indica-
tors of cardiovascular diseases in these patients.

Results

Description of studies

Figure 1 shows the study identification and selection process. Of the 556 records identi-
fied through database searching and through other sources, 472 studies were potentially
eligible after removal of duplicates. Following screening of title, abstract and full-text
articles, 12 articles fulfilled the inclusion criteria.

Risk of bias

Table 1 summarises the quality assessment of all studies included in this review (n=12).
The majority of the studies provided detailed information about the research framework.
Eleven studies provided a clear description of background of study, aims, objectives and
hypotheses in the introduction. No studies reported the sample size calculation, and
only two studies addressed missing data [57, 65].

Population characteristics

Table 2 summarises the characteristics of the 12 studies. Five studies involved older
adults aged 55 years and above [41, 48, 56, 57, 59], whilst the remaining seven studies
assessed BPV in the younger to middle-aged population aged 18 to 46 years [1, 6, 7, 13,
35, 61, 65]. All studies included both males and females [6, 13, 41, 56, 57, 59, 65]. The
presence and severity of mental health symptoms or the diagnoses of mental illness was
assessed using a number of validated assessments or tools. The assessment tools and the
methods of diagnoses are listed in Table 2.
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Fig. 1 Flowchart of the study identification and selection process. BPV blood pressure variability

Psychiatric assessment validation

Of the 12 included studies, three aimed at gaining additional insights into the psy-
chological state using the short-term BPV analysis method [1, 7, 41]. Alici et al. [1]
diagnosed patients with panic disorder using the DSM-IV criteria (fourth edition of
the Diagnostic and Statistical Manual of Mental Disorders), while the study by Carels
et al. [7] used the Beck Depression Inventory (BDI), Trait Anxiety Inventory (TAI),
Social Support Questionnaire-Short Form (SSQ6) and Daily Stress Inventory (DSI)
assessments to distinguish between emotionally responsive and unresponsive indi-
viduals. The third study [41] identified subjects with depression using the 15-item
Depression rating scale (through a self-administered questionnaire).

Both long-term BPV studies identified patients with late-onset depression [56], gen-
eralised anxiety disorder and depression disorder [57] using the MINI International
Neuropsychiatric Interview (MINI) screening tool. The interviews were conducted
face-to-face by trained clinical psychologists [56].

Of the seven ultra-short-term BPV studies, four involved psychiatrists to diagnose
psychological disorders, and trained clinical interviewers to administer structured
clinical interviews with DSM-III-R (Diagnostic and Statistical Manual of Mental Dis-
orders, third addition, revised) [6, 35, 65] and DSM-IV. Two studies evaluated the
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Table 1 The assessment quality for potential risk of bias

Author (year) Checklist questions Score

1 2 3 4 5 6 7 8 9 0 1 12 13 14 15 16

Bystritsky & / / / / / / / / / / / / / 13/16
Shapiro, (1992)

Piccirilloetal., / / / / / / / / / / / / / 13/16
(1997)

Carels et al,, / / / / / / / / / / / / / 13/16
(2000)

Virtanenetal, / / / / / / / / / / / / / / 14/16
(2003)

Otsuka et al,, / / / / / / / / / / 10/16
(2004)

Yeraganietal, / / / / / / / / / / / / 12/16
2004)

Davydovetal, / / / / / / / / / / / / / / 14/16
(2007)

Martinezetal., / / / / / / / / / / / / 12/16
(2010)

Vasudevetal, / / / / / / / / / / / / / 13/16
(2011)

Alici et al,, / / / / / / / / 8/16
(2014)

Phillip J. Tully & / / / / / / / / / / / / / / 14/16
Tzourio, (2017)

Philip J. Tully, 7/ / / / / / / / / / / / / 13/16
Debette, &

Tzourio, (2017)

Number of 22 1 1 12 12 10 0 12 2 12 3 0 12 11 M 8
fulfilling each
item

Percentage (%) 100 91.7 917 100 100 833 0 100 167 100 25 833 100 917 917 66.7

Quality Assessments Questions

Introduction

1.Does the abstract provide an informative and balanced summary of what was done and what was found?
2.Are the primary outcomes to be measured clearly stated in the Introduction section?

3.Is the study’s hypothesis and objectives clearly stated?

Methodology

4.Does the study clearly describe the methodology/protocol of studies which includes the setting, locations, periods of
recruitment and data collection?

5.Does the characteristics of participants included in the study clearly described?

6.Does the distributions of outcomes, exposures, predictors, potential confounders, and effect modifiers in each group of
subjects to be compared clearly described?

7.Is the calculation of study size/sample size reported?

8.Were the statistical tests used to access the main outcomes appropriate?
9.Does any missing data were addressed in the study?

Results

10.Does the study reported the number of individuals included in the study?

11.Does the study clearly indicate the characteristics of study participants (demographic) including the number of missing
data for each variable of interest?

12.Are the main findings of the study clearly described?

Discussion

13.Does the study summarise the key results with reference to study objectives?

14.Does the study discussed the limitations of the study, taking into account sources of potential bias?

15.Does the study interpreted overall results considering objectives, limitations, multiplicity of analyses and results from
similar studies/relevant evidence?

Other Information

16.Does the study state the source of funding or the role of funders for the present study?
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severity of anxiety states using the Spielberger’s State Anxiety Inventory (SAI) [65]
and Anxiety Symptom’s scale [48]. Another study [13] performed face-to-face struc-
tured clinical interviews based on the MINI International Neuropsychiatric Interview
screening tool to identify patients with major depressive disorder. Lastly, self-reported
questionnaires, which include Brief Symptoms Inventory (BSI), Spielberger State—
Trait Anger Expression Inventory (STAXI) and Toronto Alexithymia scale (TAS-26),
were administered by trained researchers in the study by Virtanen et al. [61].

Autonomic nervous system (ANS) testing

A number of physiological assessments were used to determine the HRV and BPV. Stud-
ies which measured short-term BPV [1, 7, 41] and long-term BPV [56, 57] utilised either
Ambulatory Blood Pressure Monitoring (ABPM) or Home Blood Pressure Monitor-
ing (HBPM). Studies which measured ultra-short-term BPV (second/minute) or beat-
to-beat variation used the tilt table or orthostatic challenge test to capture continuous
blood pressure (BP) and heart rate (HR) recordings for participants [6, 13, 35, 48, 59, 61,
65]. Out of seven studies on ultra-short-term BPV, we identified two studies that used
passive tilt table with a known tilt angles of 60° [35] and 90° [48] for 15-min periods.
Two ultra-short-term studies used active standing [65] for 3-min periods [59], whilst
the remaining studies used continuous HR and BP measurements from either supine
or sitting conditions [6, 13, 61]. Four studies using ultra-short-term also included con-
trolled breathing at 15 breaths/minutes [35, 61], nine breaths/minutes [48] and 12 and
20 breaths/minutes [65].

Blood pressure variability and indices used

Three studies measured short-term BPV [1, 7, 41], two studies measured long-term BPV
[56, 57] and seven studies measured ultra-short-term BPV or beat-to-beat variation [6,
13, 35, 48, 59, 61, 65]. Three studies which measured short-term BPV [1, 7, 41] and two
studies on long-term BPV [56, 57] assessed time domain variability. Of the seven studies
that measured ultra-short BPV, two utilised both time domain and frequency domain
methods [48, 65], two evaluated the frequency domain [35, 61] and three determined
variability in the time domain [6, 13, 59].

Two types of linear analysis on BPV were used: the time domain and frequency
domain analysis. For short-term BPV studies, blood pressure and heart rate data were
obtained using non-invasive ambulatory blood pressure monitors/recorders (ABPM)
over a 24-h period at regular intervals to observe diurnal and nocturnal blood pressure
fluctuations in the patients [1, 7, 41]. For example, Alici et al. [1] and Otsuka et al. [41]
observed heart rate and blood pressure readings at 20-min interval and 30-min inter-
val, respectively, during the day and at 30-min interval and 60-min interval, respectively,
at night. In contrast, both long-term BPV studies [56, 57] acquired the blood pressure
readings using the validated digital electronic tensiometer (OMRON). Since all the heart
rate and blood pressure data for short- and long-term BPV were recorded using a device,
the stored data were downloaded and processed using statistical analysis method (i.e.
SPSS) which resulted in time-domain indices such as standard deviation (SD) [21, 22]
and coefficient of variation (CV) [33, 57].



Page 7 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

adul

(dgw dgqd dgsswin
-yb1u ur uondnpal) -
ad Ut (d9a Yy-+o) -

(Gumybiu

1e 2oe(d aye1 leyl
AAnoe) Y 0080-002¢
:Buipeal [euin1doN (g
(ownkep

3y3 Ul de|d axe1 1eyy
AAnoe) Y 007Z-0080
:Buipeal jeuinig (e

(dg uesw) dgw

(Uoip3 yunod
'SI9PIOSI LIS JO

|0J3U0d pue 04 PDWI dgQ obeiany  |enuely [eDIASIIEIS pUE SIedk | | FyERby  sieak 7zl FoL€ by
U99M139 (dgS Y-+2) SN - SWOH :Bumes dgs sbesany  dnsoubelq) A-SWA'L 74 14 ad (¥102) "2 12 PIY
(ones Buiddip 4gs) SN -
‘(Buiddip 4gq) 1 - (dQ) 1npold 3|gnog
$|0J3U0D (dd) @Inssald as|nd (s1eah €1 | F895 (s1e2h €1 | F895
01 pajeduwlod se s3103fgns dg9a :9be ueswi) sieak 6/ :9be ueaw) sieak 6/
passaidap ul (d9a Y-¢ /Aep £ awi] 49s 9|edS  PUR 77 U9aMISQ (paby  PUB 77 U9amidq :paby
495 abesane y-7) |- SWOH :Bumag asF uesw Buley uoissaidagrl 0zl 27/ aawiJouoissaidag  (#007) “|e 19 BYNS1IO
(1SQ)
KIOJUDAU| 559115 AJleQ
(9DSS) wio
dnoib 1J10YS-341eUU0ISaND
AlAIsuodsay [euonowsy (4noy Jad sawn unoy) 1oddng |e1pos g
MOT Ul (d90 dgS) SN - pouad AepIop :BuilL (VL) A10
dnoib SWOH :bumas @as) -UaAU| A131XUy 1el| T
AJAIsUOdsay [euonow - Wl UON1BIASD piEPUES (1ag) A101uanu| (sieak 5p—G :aby)
UbIH Ut (49a dd9) | - oIl :bumas dg uespy uoissaidag ¥ag°L - 291 Qawiouoissaideg  (0007) “[e 39 sj2ied
SISAjeuy Ulewo aWi] :UJs] 1oys
suol}puod
JUBWISSIsSe Ay} $]00}/3UdWISSISSE spafgns  snjeys [edibojoydAsd 10 swoydwAs

sbuipu

4o awi pue buimas

sainsesaw Adg

s3eIYdAsd

jos3u0d AYyjeaH

yum syuedidinied

|es16ojoyd£sd uoneyld Joyiny

Adg JO s9dA1 U0 Sssauj|l [eIuSW Jo sniels [ed16ojoydAsd 10j saipnis Jo Alewuwns g ajqeL



Page 8 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

dnoib

uoissaidap (Adga) SN -
uopeoNpa

X35 ‘abe 10} paisnipe sas
-Ajeue u dpewoldwAse
Qo1 % dnewoirdwAs
ao3 ut (AJgS)4-

sae

-11eA0D J0j Juawisn(pe
19e 40T Ul (AES) 4 -

aaw ui
(N9 ‘NdgS S1eak 8) SN-

(7 Jeak pue

'7 183K ‘auljaseq Woly
sbuipeal 4g 6 Jo wnwi
-Ixew 01 dn) sieak
1544 243 Ul HSIA DIUlD
oea 1e Usye) a1am
2INSeaW 921y W]
Ul :Bumas

(Uopusw

awiy dyidads ou) g pue
‘G 'z Jeak 1e ulebe pue
"WdgH 01 10d :awi|
oD Bumes
(swnpsq

01 950|2 3¢ 1SN SN
-seaul) buluana {(sbnup
Aue Bupiel a10j2q

pue buiyeme Jaye

y | >) BUILIOW Wil
SWOH :bumas

dgs Ues
Ndg UesS\N

(AD)
uolleleA JO 1UaIdY)20)

Ad8d
AN

dgs ueaw
as

AD

(3SW) uoneulwexy
91elS [EIUSI IUIIN'Y
(uonip3 yuno4
'SI9PIOSI [PIUSIA JO
|[ENUB\ [BD1ISIIRIS pUB
snsoubelq) AFSWA'E
9[eds (QS3D) uols
-sa1dag-sa1pnis |ed160|
-olwapid] Jo) 213U
(MalAJa1Ul [eD1ul|D
PaIN12NI1S) MIIAIIU|
lelydAsdoinaN
[euoneulsul INIWL

(M3lAI1U] [RDIULD
P2INIDNIIS) MBIAISIU|
o1eIYDASdoINaN
[euoneUWISIU| NI L

7617 DdnewordwAsy
061 D1rewoldwAs
‘Ispiosip uoissaidap oN

7/ dnewoidwAse gO3
16 :newordwAs o3
00¢

DpewodwiAse o
501 DnewoldwAs go
sieah G9 <:2by

Auspla 718¢

s1esk g/ ¢ F G'g/ :9by
(o]ewa4
%65) A19PId 7511

aaw 1o uoissaidag

Aaaw 1o uoissaidag

(£102)
‘'olNoz] 13 ‘91302
‘AInL T dijyd

(£107) ‘ounoz).
R AINLr dijiiyd

SIsAjeuy ulewoQ W] :ulla] buo

sbuipuyy

JUBWISSISSEe dY}
Jo awin pue bumas

saanseaw Adg

$|00}/1UBWISSASSE
suje1ydAsq

s)3(qns
Jo13uod AyyjesH

snjeys [edibojoydAsd
yum sjueddined

uoneyd Joyiny

(Panuiuod) zajqel



Page 9 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

(OW) Aujiqe

-1153( [eID0S JO 3]edS
SUMOID—IMOIRA'9
(IVL9)

Alowuanu| A12Ixuy

1ied] Jabiaqaids g
3|eds uoissaldxy
19buy 19619g|91dS
(IND) Alo3uaAU| Ay
-INSOH A9|PaIN-3400D"E
(£1Q-WVH) 2[e3S
uolssaidsg uoyjiueHz

(@uanbas (duaialip (M3l |21l
X3J2101eq UMOP pue RCIIE SAISSIIINS JO UeL) P3INIDNIIS) MIAIDIU]
dn Joj1u10d 195 4g9) | - Klojeioge) dasw F lielydAsdoinaN s1eak 7s-0g 2by (£002)
(d9S-QS dgsw) { - jJooidpunos :buimss dgs Uesy [euoneulSul INIWL 8¢ 8¢ QAW 1o uoissaidaQ “|e 39 AopAreq
SISAjeuy Ulewo aWi] :WJs| 1oys-eli|n
(uonusw
w1 dydads ou) g pue
'S 'z 1eak 1e ulebe pue
‘NdgH 01 JOld :DwiIL
o1l :bumas
(dwnpaq
01 9502 3 ISNW SaIN
-seall) buluaAs {(sbnip Adgd
Kue bupyel 210500 AdES (M3IAJDIUI [BDIUID
avo pue Bupjeme Jaye dgs ueaw P3JN12N11S) M3IAIIU] s1eak 8/°¢ F G'g/ :9by (QyD) Japlosig
Ul (AdgQ sieak 8) SN - y | >) BUILIOW Wil as SuyeIydAsdoinaN (o]euwa4 KRIXUY pasi|esd (£107) ‘onoz|
avo Ul (AdgS sieak g) | - SWwoH :bumas AD [PUORRUIRIU| INIA"L - %65) AUPID 7St L -us9 10 ARIXUY 9 AINLr dijiiyd
suonipuod
JUBWISSISSEe dY} $]00}/3UdWISSASSe spafgns  snjeys [edibojoydAsd 10 swoydwAs

sbuipuyy

Jo awin pue bumas

saanseaw Adg

suje1ydAsq

Jo13uod AyyjesH

yum sjueddined

|ed160j0ydAsd uoneln Joyiny

(Panuiuod) zajqel



Page 10 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

dd u! (4H-311/d9a-311
Bulpuels g auidng) | -
ad Ul (4H-311/d9S-311
Bulpuels g auidng) | -
ad Ut (daa
-371'dgs-3118uidns) | -
24NSe3\ 4eBUIT-UON

uopeleyul

‘0D 01 papuodsal
syuaned Qd ul (sa1ue|
-nBaul buiyiealq) | -
ad ut

(Aunigenen 4gs as) 4 -
Ad ul (uonenidny

40 92163p d9q dgs) | -

dH-311
dd9d-311

dg9s-3T1
- ainses| Jeaul]-uon

sbunaaw |epul

9Y3 Jaye skep ¢ pardnp

-UOD SBM UOISS3S 1 7)

UOISS3S -] OMY 1Dl |
(Iaqureyd @9

(1¥S) Aloruanu| A1axuy
EICANYETIETo[Ele N4
eI

d [lI-S19pJosia [eIus N
JO |enuep [eD1sIeIS
pue oisoubeiq

ARIXUY JO

3|eds Hojeuy [ensinL
(4vS) buney

A12IXUY 9A1103[0NS° 9
(@-WvH) 3je3s
uolssaldag uoy|iweH's
(V-AVH) o[edS
AIBIXUY UOY|ILIBH
(1dv) A101

-UAU| DlUBd 91NdY/°E
31eds Aeixuy d-'¢
eL1d

Y I-s19pI0sI [eIuB)

sieak £ Fe€ 9by $1e9k 9 F G¢ :aby
8l 1z ad (007 ‘{8 19 1uebeiap

ad ul(dga) 4 - pa1enusne-punos) UO[IBIASP pJiepuels JO [eNUB |35 sieak 7g-g| =2by sleak op-g| 2by (z661)
ad Ui (dgs) 1- AlojejogeT :buimss QUEETY pue dnsoubeiqgry 9 9 ad  ‘olideys g A4susAg
(©-S41D)
soLenab ‘ajeds buley
@o’d) SsaU||| ARRINWIND *f
uolssaidap 19suo AJiea (ISIIN) uoleUlWEXT
pue (QQ7) uolssaidap 911G |eIUIN IUIN €
195U0-a3e| Usamiaq doip (SQVH)
dgS Ul S92UJ4Ip ON - 3|eds uolssaldag pue
uondnpal A12IXuy |eudsoH
dgd Ul =ouUa1a4Ip ON - (@s) (SYav) 3[eds Bunes
dnoib UOIBIASD plepuels uolissaidag biagsy s1eak 09 <:9by sIeak 09 <:2by
passaidap ul (dgs)? - - ueay —AISWODIUOW “L 143 l¥ gaw o uoissaudag (1 107) “|e 39 ASpNSeA
suonipuod
JUBWISSISSE dY} $]00}/3UdWISSASSe spafgns  snieys [edibojoydAsd 10 swoydwAs
sbuipuiy Jo awin pue bumas sainseaw Adg suje1ydAsg Josuod AyljesH yum sjueddined |ed160j0ydAsd uoneln Joyiny

(panunuod) g ajqey



Page 11 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

uonipuod wdg 0z

1e Bulyieaiq pa||0JIuod
Bunnp dnoib g4 ui (dgd
pue dgsjo 41d1) 1-
sdnoib ad ur (dga

d9S 1ndg Buipuess) |-
2insed\ Jeaurq

aseanu|
abeuadiad 1 e pey
swoidwiAs A1a1xue aiouwl
10 OM] YUMm $393[gns
ng ‘yn buunp sdnoib
lle ur (dgq ueaw) | -
swoidwiAs A1a1xue aiouwl
10 OM] YUMm $393[gns

ul (dgquw auljeseq) | -
pouad 31 buunp
|012UOD Ul (dgSW) SN -
pouad 31 buunp
swoidwiAs A1a1xue aiouwl
10 oM3 Ul (dgsw) | -
sdnolb ||e 10} 4gS uesw
QU||95eq/BUlISal JB[ILIS -

wie 0g'g el

(Dpt0) uaW

-UOJIAUS 3|CR1IOJWIOD
pue 31N :bumss

ndd

4H

11

B

dl

dg uesy
ainsea| Jeaur]

d49Q-ueaw
4gs-uesw

(IVS) A1oruaAu| A1aixuy
91€1S S 19bIaqa1ds g
LD

d [lI-s19pJosia [eIusy
JO |enue [ed1siels
pue disoubeiq

(Ueley
0JU| pa1e|SURLY) 3[eDS
wordwAs A1axuy” L

sieak / F g€ :9by
81l

S1eak 87 F 9SG by
67

SIeak 9 F G¢ :9by
¥4

SIeak 67 F 0'SG by
(swordwAs A19

-IXUPe 9JOW 10 OMY) 7€
5189k 9'€ F 896 :9by
(wo1

-dwiAs A1a1xue auo) 9¢
:dnoibgns

89

ad

avo Jo AxIxuy

(#007) “|e 19 1uebelsp

sisAjeuy ulewoQ Aouanbai4 :Wia| 1oys-elin

(£661) "2 12 O]|UIDdId

sbuipuyy

JUBWISSISSEe BY}
Jo swn pue bunias

sainseaw A\dg

$|001/1UsWISSasSE
sujeIydAsq

s13(qns
|o13uod AyyjesH

snjeys [edibojoydAsd
yum sjueddined

suonipuod
10 swoldwAs
|ed160j0ydAsd

uoneyd Joyiny

(pPanuiuod) zajqel



Page 12 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

1591 1@ [0J3UOD U]

(Ad9A 4H 'Ad8a 410 { -
1 Jaye

swoldwiAs A1aixue auo

yum s1afgns ut (47) 1 -

SIeaA 67 F 0SS :9by
(swordwAs A19
-IXUe 2JOW 10 OMY) 7€

111 Jaye AdES-dL $1e9A 9'¢ F 896 by
swordwiAs A131xue ajow we 0g'g Wl | Ad9a-4H (woy
10 OMI YIM (41 47A) 4 - (Dpt0) WuaW Ad9a-41A (uetjey -dwis L1aixue suo) 9¢
|0J3U0D -UOJIAUS 9|Ce1I0JW0D Ad9S-41 01Ul pale|suell) a|eds SIeaA 87 F8'GS :9by :dnoibgng
urisaiie (Adgs-—41) 1 - pue 18InD bunisg 4H/41 woldwAS Aaixuy-L 6 89 avo 10 ARIXuY - (£661) "[e 38 OfjUIddId
91006 3[eds
AaiIxuy wiod-01°z
(1dv) A101
-USAU| DlURd 9INDY ‘9
(55Ad) 31825 A11zn3S
19pJosi dlued g
uolssaida( 1oy 9|eds
Bulrey uoyiweHy
((SE
-IXuy 1o} 3|edS buiney
uoliweH) V-NVH'€E
(91825 UoIssauduw|
syuaned dL  [eqo|D [ediul|D) ssaulj!
dd Ul (4H/41d9a-4H 4H/47 40 Aanas 1) S-19D'T
d9Q-41d9S-47) SN - d4d-4H (uonip3 yuno4
Bulyiesiq dg9S-4H ‘SIopIosi |eIUSIA JO
paj|0u0d buunp dd dda-41  [enue [edsiieis pue sledk v/ F 8/ by $1e9A 6'8 F 7 by (0100
Ul (d9S-d1 d9S-4H) 1 - - dgs-47  dnsoubeiq) AIFSNG'L ol o€ ad “le 19 zaule
suonipuod
JUdWISSASSe 3y} $]001/1USWISSISSE safgns  snjeis [edibojoydAsd 10 swoydwAs

sbuipuiy

40 aw pue bunies sainsesaw Add

s3eIYdAsq

jos3uod AYyyjeaH

yum syuediipieqd

|ed160joydAsd

uoneld Joyny

(panuNUOd) Z 3jqey



Page 13 of 22

(2022) 21:19

Shahimi et al. BioMedical Engineering OnLine

ainssald |euaye d1joiselp ‘dyq ‘2nssaid |elialte d1j03sAs S {|eAsajul-yy ‘|uy uQNmI ueawl/aduelieA papuaisp mIENn_m_ ueaw/adueleA PapuUaIIRP dg)) °'607 ‘Indg ‘4Hu| pue 47u| Jo ones ‘4H/47 4amod |er01 ‘d] ‘Aouanbaly

moj Kian 4\ ‘Aousnbauy ybiy ‘4H ‘Aousnbaiy mo| ‘47 ‘91es 1eay-Jusuodxa roundek] 1sabie| ‘YH-3 77 ‘@4nssaid poojq dijoiselp-usuodxa roundeA] 1sabie| dgQg-377 ‘@inssaid poojq d1j01sAs-jusuodxs Aoundek] 1sabie| dgs
-377 ‘Ajjigenen aanssaid poojq d1j0iselp ‘Adgad ‘ANjiqeliea ainssaid poojq 1101sAs ‘AdgS ‘Alljigeliea ainssaid poojq ‘Adg ‘2inssaid poojq d1joiselp ‘dgq ‘2inssaid poo|q 21|01sAS ‘dgS ‘2inssaid poo|q dg ‘UoneleA Jusidy0d

‘AD ‘UOI1eIASP piepue)s ‘(S ‘uoissaidap 19suo Ajies ‘gO3 ‘uoissaidap 19suo-ale| ‘qOT ‘Bunioyuow ainssaid poojq awoy ‘NdgH ‘aplosip A1aIxue [e1auab ‘gyD LapIosip aAlssaidap Jofew ‘g HapJosip dlued ‘Qd Ay

Aujge
-leA gy 40 Jamod 4H
dnoib Ayjnsoy Ajiqe (97-SVL) 9|eds
ul (Aujiqelen ainssaud -UBA VS JO Jomod 4H  BIWAYLIXS|Y OIUOIO] "€
[BlI91IR D1|01SEIP-4H) SN - Aujge (IXVLS) A101uanul
AujigeueA wd 7| -wepg'gdwl]  -eA gy o amod 47 uolssaidx3 abuy el
ainssaid [elaLie DJOISEIP D77 PUB (07 Usamiaq Ayjiqe -a1e15 Jablagalds g
-4 4 Aupsoy) L - ainjessdwil sjgeise -lieA dys 4o 1amod ] (£€-159)
dnoib  1e wWoOoI UoRUIWEXD Ad9-4H Wwal-/ € Alojuanu| sieak $9-G¢ 20y
Aisoy ut (Adg-47) 4 - paiejos ue uj :bunies Adg-41 WOldWAS Jaug- L - 0S1L ANISOH  (€007) “[e 39 USUBMIA
Aupge
-lleA 4y 4o Jamod 4H
Aaixue Aupge (92-SvL) 91e3s
ul (Aujiqelea ainssaid -lBA dV/S JO Jomod 4H  BIWAYLIXS|Y OIUOIO] "€
|e1Ia1Ie DI|OISBIP-4H) SN - Aupge (IXVLS) A101usnul
AujigeneA wd g -wepe'gdwl]  -UeA gy o amod 47 uoissaidx3 uabuy el
ainssaid [epaLie DJ|OISAS  DZZ U (07 UdaMId] Ayjiqe -a1e15 Jablaqalds g
-47) 4 ‘(K1aixue) | - ainjeladwal a|geise  -UeA dys 4o Jamod 4] (££-1S9)
sdnolb 18 WOoOoJ uofeulwEeXd Ad9-4H WdYl-/ € A1ojuanu| sieak $9-G¢ 20y
Asixue ur (Adg-47) 4 - palejost ue uj:bumas Adg-11 WOldWAS Jaug-L - 0Sl av9o 10 Aaixuy  (£007) “[e 319 USUBUIA
suolIpuod

sbuipur4

juswissasse ayl
J0 dwn pue buniag

sainseaw Adg

$|00}/3UBWISSISSE
s3eIYdAsd

s123(qns
Josauod AyyjesH

snjeys [edibojoydAsd
yum syuediipieqd

10 swoyrdwAs
|ed160joydAsd

uoneld Joyny

(penunuod) zajqeL



Shahimi et al. BioMedical Engineering OnLine (2022) 21:19 Page 14 of 22

Ultrashort-term BPV studies used standard cardiac autonomic assessment (tilt table/
active stand), with beat-to-beat blood pressure signals acquired using the photoplethys-
mographic (PPG) technique, while R-R intervals were acquired based on the electrocar-
diogram (ECG) signals [35, 48, 61, 65]. The ECG and finger blood pressure waveforms
were then pre-processed using custom written software (i.e. PV-WAVE programming
language) [35], where filtering, tracing, and denoising were performed to remove any
unwanted artefacts [48]. The QRS peaks of the ECG as well as the peaks/troughs of the
cyclical blood pressure waveform within every cardiac cycle were then detected using
standard derivative or threshold algorithms for the purpose of estimating heart rate and
systolic or diastolic blood pressure [48, 65]. Linear detrending technique was also per-
formed before computing the frequency domain indices using the spectral power analy-
sis method [65]. Autoregressive [35, 48, 59] or fast Fourier transform (FFT) algorithms
and triangular smoothing [61] were applied on the extracted beat-to-beat heart rate and
systolic/diastolic blood pressure data to obtain the frequency-domain BPV indices: very
low-frequency (0.04-0.07 Hz), low-frequency (0.07-0.14 Hz), high-frequency (0.14—
0.35 Hz), total power (TP) and low-frequency to high-frequency ratio (LF/HF) [19, 22,

48, 65]:
Total power (TP) = VLF power + LF power + HF power, (1)
LF | LFpower
—ratio= ——, 2)
HF HFpower

where very low frequency (VLF), low frequency (LF) and high frequency (HF) power
were calculated in absolute values.

Association between mental illness and BPV

Short term: time domain analysis

Three studies on short-term BPV aimed at gaining additional insight into autonomic
function by using time domain analysis [1, 7, 41]. Two studies found a higher 24-h [7]
and 7-day/24-h [41] average systolic blood pressure (SBP) and diastolic blood pres-
sure (DBP) among individuals with depressive symptoms. The third study [1] similarly
reported a higher 24-h average BP specifically in DBP in patients with panic disorder.
Apart from 24-h BP fluctuations, short-term BPV was also observed in terms of noctur-
nal BP dipping and morning BP surge. Panic disorder was significantly associated with
lower reduction in both systolic BP and diastolic BP [1].

Long term: time domain analysis

Studies on the association between mental illness and BPV using long-term: time
domain analysis were limited to the older population. One study [57] found mixed
results while another study [56] found significant association between anxiety and BPV.

Ultra-short term: time domain analysis

Out of the seven studies conducted on ultra-short-term BPYV, five presented their find-
ings using parameters within the time domain [6, 13, 48, 59, 65]. Two of the six time
domain studies assessed BPV in participants with panic disorder; both studies found
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increased BPV in patients with panic disorder [6, 65]. Two studies demonstrated
increased BPV in individuals with depressive symptoms or major depressive disorder
(MDD) [13, 59]. One study found significant association between BPV and anxiety or
generalised anxiety disorder [48].

Ultra-short-term: frequency domain analysis

Of the seven studies which evaluated ultrashort-term BPYV, four studies found significant
association between BPV and mental illness using frequency domain power spectral
analysis [35, 48, 61, 65]. Studies by Martinez et al. [35] and Yeragani et al. [65] high-
lighted a tilt table test in panic disorder participants. Most studies evaluated ultra-short-
term BPV during normal, spontaneous breathing. Additional measurements recorded
during controlled breathing were conducted in both studies [35, 65] on panic disorder
with controlled breathing leading to differences in BPV. Martinez et al. [35] found that
controlled breathing phase (15 breaths/minutes) produced significantly lower high fre-
quency and lower total power of SBP in comparison to spontaneous breathing. Yeragani
et al. [65] reported controlled in systolic BPV and diastolic BPV, while Martinez et al.
[35] did not report diastolic BPV. Yeragani et al. [65] found significantly lower total and
low-frequency power for both systolic BPV and diastolic BPV during controlled breath-
ing phase (20 breaths/minutes) compared to spontaneous breathing.

Two studies found significant association between BPV and anxiety or generalised
anxiety disorder in spectral analysis parameters [48, 61]. Piccirillo et al. [48] found
mixed results with increased very low frequency and total power spectral density if two
or more anxiety symptoms were present after tilting. Another study found that higher
scores for anxiety were associated with higher low-frequency systolic BPV, while high-
frequency diastolic BPV showed no significance at all in anxiety groups [61]. One ultra-
short-term BPV study assessed hostility [61] with increased hostility associated with
increased low-frequency diastolic BPV (p=0.001) and increased high-frequency systolic
BPV (p=0.033).

Discussion

Studies using short-term and ultrashort-term BPV supported the hypothesis that young
and middle-aged participants with mental illness have dysregulated autonomic function,
as reflected by an increased BPV. The association between mental illness and long-term
BPV in the older population is less clear.

Short-term BPV which includes day and night time measurements [5] as well as
nocturnal BP dipping and morning BP surge [9] indicates blood pressure fluctuations
which occur over a 24-h time period. Panic disorder is associated with reduced noc-
turnal dipping [1]. A reduction in diastolic BP dipping but not systolic BP dipping was
observed in individuals with depressive symptoms identified with the depression rat-
ing scale [41]. The non-dipper (or reduced nocturnal dipping) patterns observed with
panic and depressive symptoms may be a marker of reduced arterial elasticity. Trau-
matic events, stress or hyperarousal symptoms and poor sleep quality have been associ-
ated with changes in nocturnal BP [58]. Stress hormones released by the adrenal glands
tend to increase upon sleep onset, resulting in hyperarousal of the sympathetic response
at night. Hyperarousal of the sympathetic response results in sleep difficulty, which is
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commonly associated with psychological illnesses [17, 27, 63]. Reduced baroreflex sensi-
tivity may also explain the presence of non-dipper patterns [24].

Long-term BPV is usually obtained through repeated procedures of BP measurements
over days, weeks, months, seasons and even years [45, 52]. Previous studies have shown
that generalised anxiety disorder and late-onset depression are associated with higher
systolic BPV determined over 8-10 years [56, 57], but major depression is not associ-
ated with systolic BPV [56]. The prognostic significance of long-term BPV over short-
term BPV remains unclear with factors such as BP treatment and changes in methods of
measurement over time likely to confound the overall findings [26, 56].

Ultrashort-term BPV is frequently reflected by the contribution of different humoral
systems such as the cardiovascular control system, myogenic response, renin—angioten-
sin system and endothelium-derived nitric oxide in blood pressure regulation [26]. Pre-
vious studies have shown that time domain BPV is significantly associated with panic
disorder [65] and anxiety [48]. Higher resting BP has previously been documented in
these two groups in studies involving solitary measurement and this observation has
been attributed to sympathetic activation and deactivation of vagal activity [60]. Head-
up tilting leads to increased sympathetic activation stimulated by the postural challenge,
which is usually only demonstrable through frequency domain evaluations manifesting
as both increased low-frequency power spectral density and increased low- to high-
frequency power density ratio. The percentage increase in these two measurements is
reduced in individuals with panic disorder and anxiety symptoms [35, 48, 65]. This may
signify reduced sympathetic response due to increased baseline sympathetic activation.

There were significant heterogeneity in both study protocols and sample selections of
all studies. The small sample sizes and different time frame may have contributed to the
inconsistency in the findings between studies included in this review. The majority of
studies included young, middle-aged and older populations; many excluded older adults.
The different age groups may also account for the differences in findings between stud-
ies. Significant difference in autonomic responses has been observed in older groups
compared to younger age groups [43]. Fiske et al. [18] found that increased age is associ-
ated with a reduction in neurotransmitter release, which indirectly reduces their mood
regulation and the ability to adapt to environmental changes or intrinsic visceral stimuli.
Hence, reduction in mood regulation will lead to diminished autonomic reactivity, spe-
cifically blood pressure and cerebral blood flow regulation [25].

There is currently a lack of standardisation in terms of protocol for BPV assessment.
For instance, there were differences in the tilt angle across the ultrashort-term studies
[35, 48]. The duration of the supine position among ultrashort-term studies also differed.
Three studies [35, 48, 59] demonstrated a longer supine resting period with at least 10-
to 15-min recording, while one study [61] only measured five minutes of supine resting
recording. Duration of the baseline recording could play an important role in determin-
ing the association between BPV and psychological symptoms. Fluctuations in HR and
BP for hostility, for example, could only be detected after a time period long enough
to create the interactions between the subjects and their surroundings [54]. Addition-
ally, the relationship between the duration of time for posture recording and autonomic
system is still not clear because there is no “gold standard” for tilt-table testing. The dif-
ferent breathing rates employed during postural challenge is likely to result in different
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in BPV measurements. Controlled breathing may be anxiogenic particularly in individ-
uals with psychological disorders while higher breathing may also lead to hypocapnia
resulting from hyperventilation. Therefore, it may not be considered physiological, and
hence counterproductive in terms of standardisation of breathing rates to facilitate com-
putational accuracy and reduce noise [23, 35]. Further advancements in both statistical
methods and engineering innovations could perhaps resolve this conundrum by meas-
uring breathing rates alongside BP measurements and calculating variability adjusted for
spontaneous variabilities in breathing rates which occur within and between individuals.

Our review had some limitations. Firstly, although our review demonstrated changes
in BPV in individuals with mental illness, we only included individuals with depression,
anxiety, stress and panic disorder. Future studies involving other types of mental ill-
nesses with varying severity, which may affect autonomic function differently, should be
considered. Secondly, we did not extract information on medicines use; use of medicines
may alter BPV.

Conclusion

Mental illness is significantly associated with an increased BPV in younger and middle-
aged adults. The association between mental illness and BPV is less clear in the older
population. Larger studies involving older adults are needed to examine the association
between mental illness and BPV.

Methods
This systematic review is reported according to the Preferred Reporting Items for Sys-
tematic Reviews and Meta-analyses 2020 (PRISMA-S) statement [42].

Search strategy and terminology

Four electronic databases, National Library of Medicine (PubMed), PubMed Central®
(PMC), MEDLINE® and CINAHL, were searched from inception until 2020. We identi-
fied relevant articles reporting human studies published in English for relevant combina-
tions of the following terms and words in titles and abstracts: “Blood pressure variability”,
OR “BPV’;, OR “blood pressure changes’, AND “psychological disorders”, OR “stress”, OR
“depression’; OR “anxiety’, OR “panic disorder”, OR “worry” Titles, abstracts and full-
text articles were assessed for eligibility using methods recommended in the Joanna
Briggs Institute (JBI) systematic review [3]. Titles and abstracts of identified articles were
independently screened by two authors (NHS and EL) and any disagreements resolved
by a third author (SM). Two authors (NHS and EL) assessed the full-text articles of the
potentially eligible studies and a third author (SM) resolved any disagreements. Addi-
tional articles were identified by checking the reference lists of full-text articles included

in this systematic review.

Inclusion and exclusion criteria

Inclusion criteria were: (1) studies that investigated BPV in individuals with mental ill-
ness; (2) BPV measures included frequency or time domain analysis; and (3) study par-
ticipants did not have hypertension. We excluded studies that did not meet with the
purpose of the review, such as where BPV was not the main focus of the study.
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Data extraction

All papers identified from the initial electronic search process were imported into a refer-
ence management software (EndNote Version X9, Clarivate Analytics) where duplicates
were removed. Data were extracted by one author (NHS) and crossed checked by a second
author (EL) using an electronic data extraction form.

Outcomes

BPV measurements can be divided into short-term, long-term and ultra-short term. Short-
term BPV is defined as blood pressure changes or fluctuations that occur over a 24-h time
period (minute-to-minute, hour-to-hour, and day-to-night changes) [5, 44]. Long-term
BPV is usually obtained through prolonged periods of measurements over days, weeks,
months, seasons and even years [45, 52]. Ultrashort-term BPV is defined as beat-to-beat
blood pressure measurement over seconds to minutes [26, 44, 45].

BPV analysis can be separated into time domain and frequency domain analysis. Time-
domain analysis measures dispersion of blood pressure values over a given time window,
while frequency domain analysis measures blood pressure fluctuations as a function of fre-
quency. Time-domain indices are divided into two categories: (1) simply measures of dis-
persion of average values over a given time window (e.g., standard deviation and coefficient
of variation over 10 min of supine rest); (2) estimation that take accounts the sequence of
measurements over time (e.g., average real variability, root mean square of real variabil-
ity, and standard deviation of real variability, all of these take accounts the beat-to-beat
changes). Various time domain indices have been proposed, such as the standard deviation
(SD) and coefficient variation (CV).

Frequency-domain indices are obtained through spectral analysis techniques, in which
we do not express beat-to-beat BP values as a function of time, but as a function of fre-
quency. It concentrates on revealing the cyclical nature hidden in the series of changing
beat-to-beat BP values. The frequency and magnitude of these oscillations are measured,
which allows the calculation of the power density for separate frequency ranges. Fre-
quency-domain indices are divided into three main components: very-low frequency
(0.016-0.04 Hz), low frequency (0.07-0.14 Hz) and high frequency (0.14-0.35 Hz) [21].
Very low frequency metric is related to the renin—angiotensin system, high-frequency
component measures the parasympathetic activity, while low frequency measures the
sympathetic activity [35, 48]. The ratio of low frequency and high frequency reflects the
sympathovagal balance between the sympathetic and the parasympathetic activities [35].

Quality assessment

Risk of bias was assessed using the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) criteria [8]. Only 16 items identifying potential sources of bias
relevant to the scope and objectives of our review were selected for reporting. The check-
list comprised 5 domains: introduction (item 1-3), research methodology (item 4-9),
results (item 10-12), discussion (item 13—15) and other information (item 16). Discrepan-
cies were resolved through discussions between two reviewers (NHS, EL), and there were

no disagreements between both reviewers regarding the risk of bias assessment.
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