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Environmental factors, such as noise exposure and air pollution, are associated with hypertension. These environmental factors also
affect sleep quality. Given the growing evidence linking sleep quality with hypertension, the purpose of this review is to investigate
the role of sleep as a key mediator in the association between hypertension and environmental factors. Through this narrative
review of the extant literature, we highlight that poor sleep quality mediates the relationship between environmental factors and
hypertension. The conceptual model proposed in this review offers opportunities to address healthcare disparities in hypertension
among African Americans by highlighting the disparate impact that the predictors (environmental factors) and mediator (sleep)
have on the African-American community. Understanding the impact of these factors is crucial since the main outcome variable
(hypertension) severely burdens the African-American community.

1. Introduction

Chronic noise exposure and air pollution have become a sig-
nificant public health issue given its ubiquity in urban envi-
ronments [1, 2]. For the first time in history, more than 50%
of the world’s population lives in an urban environment, and
it is estimated that it will likely rise to 70% by 2050 [1]. Urban
environments teeming with subways, airplanes, road traffic,
and emergency vehicle sirens are epicenters of chronic noise
and pollutant exposure [3]. The health implications of chronic
exposure to noise and pollutants are becoming more evident
based on increased levels of related chronic disease, deaths,
and impaired quality of life issues in urban populations. Noise
complaints in New York City (NYC) were the primary insult
to quality of life in the late 90s [4]. It is estimated that air
pollution is responsible for 6% of annual deaths in NYC [5].

Although the association between hypertension and envi-
ronmental factors, such as ambient noise exposure [6] and air

pollutants [7, 8], is well documented primarily in laboratory-
based studies [9-12], field-based studies accounting for
chronic exposures will likely provide more clinically and eco-
logically relevant hypertension risk factors. Hypertension has
a multifactorial etiology [13] and sleep quality has been
identified as a factor associated with hypertension [14-17].
Hypertension and sleep disorders are common in the USA. It
is estimated that 60-70 million Americans suffer from hyper-
tension [18] and a similar number of Americans also suffer
from chronic inadequate sleep, hindering daily functioning
and adversely affecting health and longevity [19].

The theory that sleep could be a mediator in the role
between environmental factors and cardiovascular health
outcomes has been proposed in the past [20]. As per the
Baron and Kenny model [21], to satisfy the conceptual
model for mediating a predictor-outcome relationship, the
following relationships must be present: (1) The proposed
environmental factors (predictor variables) are significantly
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FIGURE 1: Conceptual model proposing sleep quality as a mediator in the pathway linking environmental stimuli to hypertension.

associated with hypertension (outcome variable); (2) the
environmental factors must be significantly associated with
sleep (mediating variable); and (3) sleep must be associated
with hypertension (Figure 1). In a previous study, noise sen-
sitivity and health complaints were noted to be associated and
sleep was found to be a mediating variable [22]. Additionally,
noisy neighborhoods were associated with lower self-rated
physical health and the association was also mediated by sleep
[23]. Conversely, in a study evaluating the adverse impact
of night-time aircraft noise on endothelial function, sleep
quality was not noted to be a mediating factor [24].

The purpose of this review is to summarize: (1) the rela-
tionship of hypertension to noise and air pollutants; (2) the
relationship between sleep and the aforementioned environ-
mental factors; and (3) the relationship between hypertension
and sleep. We propose that relationships between these envi-
ronmental factors and hypertension among Blacks would be
especially relevant clinically because of the greater exposure
to the aforementioned environmental factors as well as the
greater prevalence of poor sleep quality in that population.

2. Sleep and Hypertension

Sleep has become of great interest in the field of hyperten-
sion because of the potential interventions that could be
administered with resultant improvement in hypertension
and its related adverse outcomes. The CARDIA Sleep Study, a
longitudinal study examining the association between hyper-
tension and sleep quality, showed an increase in the odds of
hypertension among individuals with shorter sleep duration
[25]. Data from a cross-sectional analysis of the 2009 National
Health Interview Survey (NHIS) showed a higher likelihood
of hypertension among individuals who reported daily sleep
durations of 6 hours or less [26]. This is consistent with
findings from the National Health and Nutrition Examina-
tion Survey (NHANES) I Epidemiologic Follow-Up Study
that revealed a hazard ratio of 1.60 (95% CI: 1.19, 2.14) for
developing hypertension over 8 to 10 years among individuals
reporting sleep duration of 5 hours or less compared with
those sleeping 7 to 8 hours [15].

3. Environmental Factors and Hypertension

Environmental factors are included under the social deter-
minants of health and are emphasized in the Healthy People

2020 initiative [27]. The environmental factors that this
review will emphasize are limited to chronic ambient noise
exposure (nonoccupational) and chronic ambient air pollu-
tion (Table 1). The air pollutants that will be discussed are
predominantly PM, s, which is defined as fine particulate
matter <2.5 ym in diameter.

4. Noise and Hypertension

“Noise is generally defined as unwanted sound or set of
sounds.” [28] Noise disturbance is one of the most frequent
complaints among urban-dwelling populations [28] and can
be due to amplification of the noise levels by reflections off
rigid urban area structures [29]. These areas are also more
likely to have higher volume of vehicular traffic, train tracks,
and airports [30]. Chronic exposure to subway traffic noise
in New York City has been documented to have potential for
significant adverse health effects with decibel levels exceeding
100 dB(A) [30, 31]. Decibel levels > 70 dB(A) are thought to be
associated with harmful cardiovascular health effects [32].
The epidemiologic evidence associating noise with higher
risk of developing hypertension continues to grow [33-
35]. The Hypertension and Exposure to Noise near Airport
(HYENA) study, comprising almost 5,000 participants living
close to several European airports, showed a significant expo-
sure-response relationship between night-time aircraft, aver-
age daily road traffic noise exposure, and risk of hypertension
[36]. Evidence shows a 1.14 (95% CI: 1.01, 1.29) increase in the
odds of developing hypertension with each 10 dB increase in
exposure to night-time aircraft noise, and similar exposure-
response relationships were seen for road traffic noise in the
highest exposure category of >65 dB with a significant odds
ratio (OR) of 1.54 (95% CI: 0.99, 2.40) [36]. Furthermore, an
increase of 0.26 mmHg in systolic blood pressure (BP) per
10 dB increase in road traffic noise levels and a 8% higher
risk of hypertension with exposure to railway noise > 60 dB
were reported in another study [37]. A smaller study found
that there were a 1.06 to 1.80 increased odds of hypertension
for every 5dB increase in noise exposure and the association
was stronger among those who had lived at the same address
for >10 years [38], suggesting additional impact among those
with more chronic exposure. This finding was supported by
another cross-sectional study that showed a stronger estimate
of noise effect on the risk of hypertension in individuals with



International Journal of Hypertension

swmnAep SuLmp woor Jural]
a3 Jo arnsodxa ym Sural]
asoy} ur (TF'1-80°T :I1D

9%56) F¢'T sem uotsuariadAy

Jo Juswdofoadp swn-ydru
10 YO (LET-SO'T Surmp woo1paq ay3 Jo arnsodxd 06/0¥%1< 21nssaxd poojq
1D %S6 071 °4O) 03 30adsa1 (1M UORIO0SSE OU QU ep PaINSeIW ‘SUOTIBdIPIU ss10u ogzex; peox fwewon ([euom95-88013)
STB9A OT< SWIT) JUIPISAT Surmp woox Jurar oy jo aansodxa aatsuayradAynue . 0LL1 B
. 105 dew astou £310) urag [6€] #10T “yosiqeq
M 103U0I3S IZIS 1090 a3 03 302dsa1 YJIM pUE. ST} 2OUIPISAI Jo asn ‘sisouSerp
“(V)gp o1 Suol yIm s309(qns Ur punoj 1M 30959 uerisAyd payrodai-jog
Jo JuowaIdul [2A9] astou 1od  astou oy Jo sayewnysa JuesyruSis rofuong
(€TT-00'T“ID %S6) [eAtoIUT
TT'T SEM 2OUIPISAI A}
ye SurAI] aTTym uoTsu)IadAY
Surdofaaap 105 YO
- Aﬁaﬂﬂ\wmlm sased uorsuaIadAy
10 %S6) (V)EP 09 2409 JUIPIOUT pUe ISTOU ALM[TRT UIMIDq 3SI0U d1jeI) peor
astou Aemrer 0} arnsodxa
drysuornjefar jueoyrudrs A[eonsels 03 aImsodxa [eNUIPISAT pue
qIm uorsua)adAy Jo . as1ou Aemyrer
) QUIIOPIOG © SeM I} J{ JT[OISeIp amssaid poojq panseawr
SLI 19YS1Y %8 :2a102dsoxd pue as10U O1jer) . (Teuonoas-ssoId)
: PUE S[OAJ] 3SIOU JIjeI} PEOT UIMID] U99M12q UOTJRIDOSSE Srewua g €80F¥ .
{S[A] IsTOU d1yRIL) ) ; peo1 10J [opowr [£€] T10T ‘uasuaiag
UOTJBID0SSE OU ‘sa[ew UT A[uo jueoyrudis suraseq aareuuornsanb
peox ur aseanut (V)gp 01 . uonorpaid o1pIoN
13 (SO'T=ET'0 T %56) A[TeonIsTIe)S 9ZIS 10939 S[AS] aanssaxd £q paynjuapt s1eaf g
0 POO[q JT[0ISAS PUE JSIOU JIPEI) PEOI  TIAO UOISU}IddAT] Juaprouy
dd o1[03s4s U1 SHWW 66°0
. u2am)aq drysuoryefor asuodsar-arnsodxyg
JO 9SBAIOUT :UOT}O3S SSOI)
pa3sa33ns drysuonepar ssuodsar-arnsodxa
asodxa astou ‘s18aA ()T< 10J SS2IPPE oY) 1B
3s10U d1jeI)
ur 9seaour (y)gp S £1949 PIAI] dART] OYM 350T]} SUOUIR PUE UITUOM (Teuond3s-sso1d)
) . Kaa1ns uo 310da1-Jog peoI 10§ [opotu uapamg 199 ;
10 8¢'T sem uorsua)radAy  uowre 1o8uons uoryeoOsse cuorsualradAy wonrpard ApIo [8€] £00T ‘wynig
10J OTJBI SPPO A, PUE 3SIOU JIjeI} PO [eJUIPISAT 0} HoIp 'PION
amsodxa usamjaq drysuonear jueoyrudig
amsodxa
ur asea1our (V)gp 01 YIm UoedIpaW
uorsua)1adAY Jo (07 T-00'T aarsudradAymue jo asn YO as10u d1eI) 39319
: uorsua)1adAy Jo ysi1 pue ‘omsodxs : ; : ATea] ‘uopamg
1D %S6) £60'T O . uorsua}1ad4y jo sisouderp peoI pue JeIdre .
. as10u djer) peor A[rep aSeroae dsiou . SPUBLIOYION (Teuonas-sso1d)
:2s10U d1jeI) peor aferose ueisdyd pajrodai-jos 10q :S[opour . 198¥ .
. yexoare swn-1ySiu usemiaq drysuornje[or _ AueurIon [9¢] 8007 ‘dnuxe(
©aansodxa ur aseanur (V)gp YO SHww 06/0F12 amsodxa astou
asuodsar-arnsodxa yueoyrudig ‘wop3uny]
0T y3m uorsuayradAy jo se pauygep uorsua)radAy oyads £nuno) pojun
(6TT-10T IO %S6) ¥1'1 4O (M s3uIpeal g dWoH ’
:2S10U JJeIdITe dWN-JYSIN
(ID %S6) 4 S :2Z1S 10257 Surpuy urejy Judssasse uorsud)radAf] POUIRU JUILISSISIY Anunopn (N) (uBtsop)

asodxg

oz1s ajdureg

Tedk JoyINe 3sI1,]

uorsua}12dAy pue astou [ejudWUOIIAUY ()

‘sajdures [oasr-uonemdod uo armsodxs 10108] [BIUSTUTOIIAUS WI)-SUO] JO 1032 UO sa1pnIs PAYSIYSIE T TTEV],



International Journal of Hypertension

(€T'T-£0°0)
aseardur Jpywwr 090
Kep a3 Sunmp pue

NG Pim o1doad 103 3daoxs
2A1SS21dWI JOU SEM ISIOU dLjRI) {(TAD 10
N ‘vorsuayradAy pasouSerp-uenisiyd

pels

$3ssaIppe
[eLIUSPISI
0 PaYUI] 3sTOU

(Teuorndas-ssoid)

MNMMMUN%M Awﬂw\mmmv. mmmw”m parzodax yim s1oalqns Apnys £q jsox1 e pansesalyl  Oujer) pue Aemrer PUPLRZAING 0s¥'9 [1%] Z10T “earerq
5 ma.:um mmzﬂm MM\M el Suowre 193u013s 9715 1032 ‘d4d pue ddS uo £10j1sodar ejep
ur HmodEwiw_u ore w.om M 9STOU ABM[TET JO UOTJRIDOSSE ATIISOJ [euoneu gSYINOS
%S0°0—
- MUQ %56) (o1geny peor pue ponruzed
° . ° Surddip jpeIdare) [000301d syySiy ([euo1}235-55010)
Surddip ssa] 980 ST 210U} . 14 $Z 10 JUSUIINSBIW
55100 > dd PaseaIdap M PIIBIDOSSE SEM DSIOU d X Apmis YNIAH awm-ySru 6¥1 [z¥]
10U JLjjeI} PeOI PIINSeaw ) amssaxd poojq L103enqury .
U1 S56050UE (V)P § JJeIdITe JOU pUe 9SI0U dLJer) peot A[uQ 12d se amsodxa qm syrodire 10T ‘SIpIqererery
o .HWBmE:m.o Yoo astou wirs)-3uo ueadoing §
(ANTATE)
aseasi(]
a8eig-pug
LLT-80°T
66130 11005 %Zm\/mmnw poyjowr prepuess Ie[nosep
ToD7) ToAs S[9A9] astou 1oySIy amssaxd poorq im Surfemp pue [eudy
(U2PT) [242] je 198U01)s 9q 0} PATAIS SUOILIOOSSE Pa1BAS[? JOJ UOTIEIIPIW o) JO 9pEO®]  JO UOTJUAIIJ 658
astou ut aseatour gp of 12d . . 1z 91dureg ([euond3s-ss012)
AR ; ‘PIO SIBIA GG pUB Gf U9OMII] dI9M OYM Sursn pajrodar £oy3 uoym pasodxa jsouwr :Apnys .
(07120110 %S6) 6IIsEm g 3 ¢ 3 ak 958°0% [s¥] LooT
102(qns ur s3urpury JuesyTusts ueoyrudrs uorsua)radAy a1} Je paje[nored [BUONBAIISQO . .
PIO sTeaA GG puE Gf W2am)dq ;1 oydureg TeeuazInpy| op
jou 21oM UOISU}IdAY pue armsodxd Suraey se pauyop a1om sem $309(qns woij
s309(qns ur uorsuayradAy sordures g
Suraeq 10§ 4O ponipe as1ou Jurzirewrwns YO pAsnlpy s309[qns usSuruoin) a3 Jo arsodxa spdureg (7)
.Em&mm udguruoin) oﬁ. ug sstot otgen peoy ardures
: uaduruoin
Jo A (1)
sojdures ¢
popowr
uono1paid o1pIoN
Sursn Juswussasse
euonIppe
(6ST-65°0 ID %S6) 96°0 Sem - :ozw :Qmmvﬂm
U Se (V)gPp 06> Im uorsua)radAy pue peoy oiger uorsua)1adAy jo srsouderp PR HORYL ,mm&ﬁ e —— . (reuon23s-sso1d)
(V)gp S9< 01 a1nsodxa iim  U9amIaq PIIOU UOTIRIDOSSE JUBIYIUSIS ON uepisdyd payrodai-jps EE%a&.wzst pats 158t [0F] TI0T ‘uossyLg
NL.LH jo stsou3erp 10§ O W 00¢ g (1634
12d s1930WO7Y
S[OTY2A JO SUOI[[T)
peo[ ougely,
. POYIOW JUIUISSISSE (N) (uS1sap)
(ID %S6) + S :921S 10957 Surpuy urejy juawssasse uorsuairadAry smsodx A1yunon ozs opdures reak soune js1L]

‘panunuo) (e)



International Journal of Hypertension

A[oamdadsar
‘(F1-9°0 ‘1D %S6

D) SHWW ' pue [¢'7-50 Arurxoxd astou  Aderayy aarsusyredAynue jo w)SAs
10666 1D] SHwWw 1 Jo 49 syger yim sSurpuy aarssaxdwr a1ouwr asn JuaLmd J0 S 062 [opowr uorsiadsip Auewrion . ([euOT}03s-55010)
ST[0)SeIp pUE OT[0)sAS Uedw  2anssaid poo[q paseaIoul YIm pajerosse  Jg dT[oiserp J0o SHWW 0F12 pajeprfea JS9M UBQIN Tecy [19] T10T ‘s3ng
UT SISLAIOUT PAJRTUTISd [HIM ST S d 01 aansodxs wirsy-Suo dg d1[03s4S paInseay Sursn SN
pajeposse sem (w/31 $°7)
SN Ul 9sea1dur YOI Uy
(ID %S6) 4 ST 9715 1995 Supuyurey  Juawssasse uorsualIadAR @oemw%wwm%w”w Agunop - emsordwres goamﬁm Mwm
uorsua)radAy pue uonnyjod Ire Jusiquiy (q)
(V)dp 0. 2a0qe pasodxa
asoy} 10 (0%'1-€0°'T)
0T'TJO YSII oAlJe[oT © [[JIM SHww 06/071<
‘s)[Nsal Ie[TwIs pajuasaid Je painseawr
296_” omﬁ.:m tm.uu.bm uoTsua}12dAY J0J YSII sasearour dg 1o wconmuﬁm@E sanbpuY22) swlsAs j1odire . (aam309dsoid)
WU (L€ T-€0'T 10 amsodxa astou Jemire urd}-§uo JO 351 10 SISOUSTLIP toneurioyut WOY0IS W ysLT [s€] £00T uossyLIg
9%66) 61'T sem uorsuaradAy : : ueisAyd jo jxodai-yos [eoryderSoan :
JIOJ YSLI dATIB[aI pajsn(pe £q paugap uorsuaradAy
Ay (V)dp 0 2a0qe JO sased aduUapU]
S[oAQ] paderase-£31oud
0 pasodxa s309(qns 101
(069 9T°1D
9G6) §'¢—Uuow U 1oy3Iy 9S10U ABM[TRI JOJ 10 USUIOM
sem uorsua)radAy 105 YO U SUOTJRIO0SSE JeID OU AIIM I} suongatpa ostou dgen (Teuonoas-ssoid)
10U 5 d dsor g aatsuayradAynue Kem[rex pue peox
£2SI0U JIje1) Peol «diysuonjefor asuodsar-armsodxo 3 uapams 98¢ [#¥]
unye) 10 sisouderp $sasse 0} [apouu .
10} £1039780 9s10u 359ySIy ue ym Juore pajou uorsuayradAy 6007 ‘predarreg
. . . uensAyd jo yrodar-jjos Ppajepifea pue S1H
AP UI (S'C OITTID %S6) 61 PUE DI} PBOI U2IM)I] UOHRIO0SSY
sem uotsua)radAy 10J JO
uorsuaysadhy ((v)dp sy S ba)
: s seare Jomb pue
(THT-€0T1D uawoMm Ul sgurpuy juedyrudis ou Se pauyap SHWW 06/0%13 (V)ap sb < [b1] ([euo1}235-55010)
%66) 85°T sem uotsualradAy  ‘uorsuslrodAy Jo 90UALINDIO0 03 PaJe[aI 9q sonfeA Yim Jq P AST 3SIOU opeidfeg €0SC (7]
I0J YO ‘UdW U] JYSTW ISTOU OLjje) peol UeqIn dwn-YIIN PaINseawW YO UOHLIIPIW o «Zr@ow J 8007 ‘Q1asloppg
aatsudradAynue jo asn Lstou Moﬁm padnoin
(ID %S6) + S :921S 1095 Surpuy urejy JUSWISSISSE UOISUNIIAAL] POUIPUIJUITLISSISSE A1yunon (N) (uStsap)

arnsodxg

az1s ojdureg Teak Toyne sty

‘panunuo) (e)



O'Ad ut aseaouT w/3r 6]

International Journal of Hypertension

12d (95°0-80°0 ‘IO %S6) (€0)
SHww z¢"0 pue (L71-8%°0 auo0zo pue (ZON)
IO %S6) SHWW £8°0 ST Afuo jou Surpnpur smyxiu S3pIXOIp uaSonIu
a1om 21nssaxd poojq . “(ZOS) 2prxOIp
JT[OISEIP pUE JI[0}SAS UL v 0} samsodxa sassarppe 1t ‘sadueio aissaxd poopq painsea amyms <Ot eur ¢ ([euono3s-ss012)
foIsep pue SM[o} pue sojdde Surredwoos ‘saprnyred asreoo pooIqp W I Nd o sv8ve [85] €107 “‘Suoq
UT S3SLAIOUT PIJLTUI)SI >10W 10} SBUTPUY 217 3591 103 210N UOIIRIIUSOUOD
o PN g uT aseaIdUl : o8erone
mE\mi 61 12d (9T'T-80°T Ie34-2211]) :SUOTIRIS
104G6 ID) TI'T £q paseaour Surrojruow 8207
uorsuay1adAy 10§ o1jeI sppO
((7)ON 105 Surfou0d)
‘A[oandadsar omssaxd
POO[q JT[OISBIP PUE JT[0ISAS
ur saseardul (6°TF 031 0°81 ((¢Q) auozo pue
IO %S6) SHWW ("¢ ((Z)ON) aprxotp
Pu® (TTF 03 T'TT :ID %S6) uaSonu "INd
SHww ['[¢ pue {(aU0Z0 10§ sjuejnfjod 1re moj o) Juowe (d1j0)seIp SN ) suone)s
Suronuod) A[eandadsax ue 51[03s4s [10q) 21nssaid poo M aimssaxd poojq painses Surrojruowr uemre ¢ ([euon23s-55012)
[[[013u02) ATy pue d1703s4s y30q) pooiq yit pooiq p W Lo ref, €207 e
a1ssaid pooiq d1jo3serp uonenosse 3sa3uo1ls ayy paurear <IN [e00] £4q painseawr [g9] Tr0Z “Surenydy
pue d1[03s£S UT Sa58IIOUT sjuejnpjod
(£6€-T61 1D %S6) Ire BLIAILID
SHWW ¢'67 pue (§¢h—'7¢ poderoae reak-1
1D %66) SHWW §7¢ a1om
a1y *(w/31 7v°07) “YINd
Ur 9sB210Ul YO Ue 10
Apms armsodxa oyyen 10ysIy jo (VSAIN)
. PapIodax
aansodxo J10ys Apanepr  ouasaxd oy ur 1o8uons s3099 {(JoU sem soseud amsodss SIS
®© ST SIY) Jey]) JON srjo)serp) pajoage Apuesyruds A[uo sem owsuo dsona -0I3[2S0IYIY ([euonas-ss01d)
(ZT% 03 8€'T 1D %S6) ddS amssaxd poo[q o1j03s4s ‘sarnsodxa (aam dg payeas Sunsoy ‘ Jures Jo Apmg IS [29]
SHww §'7 Y3m pajerdosse 15) 19310ys yNm paredwod arnsodxa 5 H%ws strdw SIUYIRNNA 800 ‘ssopuryony
sem ueawr Aep-g¢ 1otd ST g JudIquIe Jo (syjuowr g-T) sarnsodxa paed umz_ H:m.m-vm ‘eoLWY
SN Ul aseardur me\wl 01 103u0[ WoIy $3zZ1s 103y 193uong usn TN IION
(ID %S6) + S :921S 1095 Surpuy urejy JUSWISSISSE UOISUNIIAAL] POUIPUI JUITLISSISSE A1yunon az1s ofdureg (uStsap)

uonnyjod 1y

Tedk oyIne 3sI1]

‘panunuo) (q)



International Journal of Hypertension

d¢d d1[03ISBIp paseaIdur

O (/31 p¢) UIIM PIJBIDOSSE SEM dUOZO PIJBAI[D £ouady uoroajoig
aSuer aynrenbiajur yoes sJoxaysafoyp urajoxdodiy Lyrsuap-ydry O — [BIUSWUOIIAU temre c89°67 (Teuono3s-ss01)
M (20T 03 60°0— IO %S6) paonpaz pue o1y urqojSowray P uemre], £q suorjess oL [£S] 0107 ‘Sueny)
S /370 Jo aseardu ‘q urajoxdodrjode “oprraoLSin qgq Surroyruo
3 \ P !
1[0184S PajeAd[d IIM pajerdosse sem O g
(00T
T6°0 :ID %S6) 960 Sem dn-morjog jo s1eaf ¢ A[jewrxordde
arnsodxa w1a}-3uof YIm Surmp uorsuayradAy pajrodai-jpas
uorsua)1adAy payrodai-yes JUSPIOUT JO YSII ) YIIM UOTIBIDOSSE OU apIxO
0 U} ‘APAndadsar  sem a1ay pue ‘uoisua)radLy pajrodai-jos axreuuonsanb £ uadonu wra)-guo aandadsoid pue
JO IO Y3 -A] 4 p qp g q I P
quatuyrorus Jurpasard Jo 2ouaresdrd oY) pue Jg OI[OISeIp  PISSISSE sem UOTSUIAdAY [eryuapIsaI Yrewruo (g €508 [BUON035-55010)
sporrad reaf-g pue UE OT[0)SAS YILM PIIRIDOSSe A[9SIOAUT yuaprour pajrodaI-yo aJe[noTEd 0} $9] T10T ‘UasudIo
3 P pue o pmp [ pput p JeS o] S
-1 Surnp amsodxa apIxo Sem (2INSeaur 0) JATSea ST pue saporyred [opow uorsiadsi(q
uaSonu yum Jg o1joisAs SUT YIIM [[oM S2JB[21100 Jey uonnfod
ur 95e2109p SHWW (' JTe DIJe) JO JINSBIUW B) IPIX0 UISOIIN
pue SHuIw ¢6°() a19M 1Y,
(€0'T-6£°0 *ID %S6) 06°0
SeM SYPe[ UL YO (LIT-F0'T
(ID) TeAIaIUT 2OUIPYUOD
%56 ‘S0°T (JO) oner sppo £ouady uonosjoid (SIHN) Aoning
SB[ 10U pue SAIYM SUOI}EIIPAW JO S IO MITAISIU]
passnfpe) uorsuajradAy - [BIUSWUOIIAU ([euonoas-ssoId)
ur AL JO S[2AI] 1YY YIM ISYSIY sem uotsualtadAy jo sisouSerp VSN Yoy
JO [SUI pajead[d SN | [sS] 6007 ‘uosuyof
uorsuayiadAy Justeaaid 10y ones sppO uentsdyd pajrodai-jog oz [euoneN
[[EWS © YIIM pajeIdosse woij ejep “INJ ;
sem axnsodxa SN veeeel
ur dseandur /3 o
e ‘say M IsSuowry
(‘W)
— SIUOWIAINSLIW
(1€°7-56°0 “ID %S6) syuejnyiod ire Sururejuod aarsuajradAynue jo asn Mwwwﬁwow”ﬁmmw@om
8F'1 Sem SN J uraseadUr  U2S0I)IU J0J SUI[[OTIU0D UIYM I eam J03 Jua1IMOU0d pue dn-mo[[oy J HORTIOAIRI
pue (saprxo . (aanoadsoad)
Jw/31 o1 & 10 uotsuaiadAy  pue ddueoyIUSIS [edNSTIEIS Yoral amb jou Surmp uorsuaradAy wsSon1u) sppouw vsn F0CF [96] 2107 “ueS00
J10J OTJBI 9Jel 2OUIPIOUL PIp UOIIBIO0SSE S{SLI pasearour uornjod pasougerp-uerisAyd jo HO1sso1501 omw_uca cloe o
dn-moroy 12401 1940 aenonred suy juarquue o) amsodxg  310da1-J[os se uorsualradAy i mommuw “
JO ased JuIpIdOUY R bp
[eruapISaI
siuedonreg
. POY1oW JUSWISSISSE (u3rsap)
(ID %S6) 4 S :92Z1s 1037 Surpuy urejy JUIWISSISSE UOISUNIIAAL] wonnyod ary Axyunon az1s ofdureg rea soune 1511

"panunuo) (q)



International Journal of Hypertension

syyStu aansodxa

a[qnop 1o a3urs uey odrn

3} UT J21I0YS Sem JATY ul juads
swn ansodxoe sures oy} yym 13uof
urw (' sem £ouaje] INTY ydru
amsodxa a3urs ueyy opdiny ur 198uof
urw 7°g sem £ouajey doo[s aaeM-MoO[s

Kouanbag
Suruayeme 10§ 3dooxa Apueoyrudis

j1odire
ue 10 “per) Kem[rex
© ‘peOI B 0} 3SO]O

3
110da1-ypes ‘sydeadnoe UIA SYUOpISaT

([euon23s-5501)

<astou 0 arnsodxa ySru o[3urs padunouoid a1am Aymunuod daays “KyderSouwosijog Jo swoopaq Awewian U [89] 1107 ‘1ouseq
) 10§ SIOYeDIPUT ‘pa)da e d1om uotrjeradnoar UT S19)9TU
0} paredwos oidin ur (100°0 > d
. pue juauussasse doays aAnda(qng [9A3] pUNOS T Sse[d
TI1+) doays aanjeradnoai ssof
ue {(100°0 > d “Tz1+) doafs 101431 {HIM popIO9oT S1oM
P . . : SJUIAD ISIOU JIJRI],
(100°0 > d ‘9T1+) ddoURGINISIP
daats paseardur ((€10°0 = d 68+)
doarse Surprey L4 noygIp a19M 19T,
[2A9] as1ou Jursearout
M (20000 = d 8191 = (9€ ‘1))
£ouaje] 1osU0 [esnore 19)I0Ys
epue (100°0 > J) uonejuswdely (108uassed/aanowoine o3 paredwod)
(V)dp 05-0%
doars ur asearour axom a1y uteny JySra1y £4q Appuanbaigy axowr paonpoid ([euO1}235-55010)
. . . . AyderSouwosAjoq je astou adueIl] 8¢ .
{(10000°0 > d ‘6T%9 = (0S T0)A) aIaM (S OT<) SSUTUSYEME (S[OAS] PUNOS uren papiIossy [£9] 8007 ‘Twa1es
s[esnoreo1dIw pue (10000°0 > d [JIM PISBAIOUT SSAUIAISUOdST [esnory o1 pop
9697 = (06 7)) sSuruayeme
Jo 98ruadiad oy U0 J0ay0
UTeUT Pey| [9A3] dSTOU UT 9SBAIDU]
(ID %S6) 4 ST :971s 10377 Surpuy urejy poto ot Anunop  ozs ojdwres (uB1sop)

juowrssasse Ayenb doa[g  JuowISSIsSE ISTON

Tedk oyIne 3sirg

Ayrenb daays pue astou [ejuswruoIiauy ()

(S0°€ 01 LLT1D %S6)
ainssaid poojq orjoiserp
ur asearour W 7

B pUR (08°€ 03 LF'T 1D %S6)

amssaxd poojq o1j03sAs ur dfl PHoIseIp pue AOISAs ur asearout dg pamseay 100s Yo®[q JLjeL], vsn sjuaned (feutpnyduoy)

ssearouT SyuI wo..m o ﬁzs. )M PIJBIDOSSE SEM JOOS YOB[q UT 9SBIIOU] VA A[19P[2 €68 [€9] T10T “Z3IBMTOS
pajeroosse sem ( mE\w:. 7€°0)
a1msodxa Joos yoe[q a3e1oAe
Iedf-T Ur aseardur YOI Uy

(ID %S6) + S :921S 1095 Surpuy urejy JUSWISSISSE UOISUNIIAAL] POUIPUI JUITLISSISSE A1yunon az1s ofdureg (uStsap)

uonnyjod 1y

Tedk oyIne 3sI1]

‘panunuo) (q)



International Journal of Hypertension

Apmys ad£y-aaryeyenb

daars uo joeduur

s3o1

a2Inseal JO jrun

(Teuondas-ssoid)

197313 PeY| S10)0B dIJRIOUASOIPT JT)SIWOP sem (ANV) uaas  suxodiry YN 00% .
10J S[qR[TRAR JOU JZIS }09 tdoa]s pardnisp SNV Jo Aoy doars pue syderdnoe jstpy SS10U eIy [28] ¥661 @uIioyq
(urur £°[[—) paseaIdap aIom
SMS pue doo[s-ATY Inq “(urw ¢1+) JueoTrudis
pasea1out sem (I pue 05) 15 23es a10M 945 doafs 3s1yy Surn Jom
Ul pue 9YeME JWT) JO JUNOWe aY) I . 18 3814 SULMP SMS pardde (reyuswurradxa)
¢ swm) potrad dasys 01 uoryefar JO 3STR13 PUE “UORINPa1 Ay dods podaigpas sem (V)dp #£-2€ Auewrron € [e]
(.LdS) 2wih pot : [e101 ‘voneduojord £ouare] G S S[AI] “AyderSouwrosijog
uJ ‘paseardsp a1om AoUd101d Surses 4 3 a8uer astoN 900 ‘uyejarIn
doars pue (1S.1) swm dors 2301 astou 3ursearout Yim A[enpers paseardop
{paseaIdur a1oM 10sU0 doars 1oy Aayenb daays parenteas A2anoalqns
awmayem pue AoUaje] SMS YT,
(estou pajerdosse
pue swnjoa
daars uonnyjod d1yen)) SVIpUL ([euondas-sso1d)
Jo ssof payrodai syuspuodsar jo 9529  astou Jo Jnsair e se daays jo ssof parroday Hodai-gas 3SI0U JO JUIUISSISSE eipdl 055 [1£] 1107 ‘Temredy
2A1393(qo
pue y10da1-J[o8
SMOPULM PaJ[T}
10 PIsopd YIm
j10d1ry JIoppEssng
Jo Ayrumora
uru g (sSuruayeme Jo Joquinu pue 9} uI (sarnsnpuy
£q a3e10A® UO paseardur SwWI} ‘ ST ([euo1)23s-55010)
. . 1 93eys pasearour) uonejuowdery doafs AyderSouwosAjoq X3)100) Auewrron 871 .
doats [e10) pue ‘urw ¢'g £q paonpai . [2£] S00T “oUSRg
Apueogrusis sem doogs SABM-MO[S JO SUSIS YIIM PIJRIDOSSE SBM ISIOU YRIIITY 0I-DN) s1ajou
t T [oAS] punos |
SSBID )IM PIPI0dAI
sem ((V)dp 08-5¥)
ENIN
(ID %S6) + SH 921 10977 Surpuy urejy potw poow Anunop  ozrs ojdwueg (uBtsap)

juowssasse Ayenb doayg

JUQWISSasse 9SION

Tedk ‘ToyIne 3sI1]

‘panunuo) (9)



International Journal of Hypertension

10

(££0°0 = d) pajerdosse
Aqreur3rew a1om aoueqInystp doas

Teqo1S pue AIJ ‘SF0°0 Sem sisoapryradAy

(Teuondas-ssoid)

- ot
parrodar Jou sem dzIs 310977 doa[s pue (T10°D = ) powosse 110da1-3o8 Wd 1d43g 9T . -Emmh
Apueogrudrs axom doays Sururejurewr €10z eiprRnoqy
pue uonjenIul jo 1pIosip pue YA g
(L5010
10 %56 W01 22d $¢°0 = )
O Bulseandut yitm 31y 10 wnpawr YIm 2so
uonjenp daays paseaour SHS qorq ottt it b
pUE USWOM UT JOU INq D¢ UT ISeIIOUT
paouatradxa sype[g
e . OI 12d (SFS) snyels oIou090190s
(8TTTID %S6) F1St MOT THIM 950 U US Ul drreuuonsan)) - . ([euon23s-5501)
soruedsty ur daas 310Ys 10§ 1 0P : doars urprag 9a0dai-a8 (Og) uoqreperg vsn Ies'e [92] ¥10T ‘Sueg
. paseardap uonernp daoys ssotuedstyy pue
MO fSnIeIs JIWOU0II010S
M SIIIYA UI UOTJBAIISQO OU [IIM SYO®[ UT
Mo 10 (€7 m 110 %56) Dd renuue yIm uonernp daafs pasearouy
9T PUR (9T TTIO %S6)
D¢ ut aseardur YOI 1od 2T
st uaw ut daafs 110Ys 10] YO
KLouayge
doays ut ($00°0- ‘077~
1D %S6) 2582199 %0T'T
pue ‘uonjernyes usadLxo
%06> e o dadfs Jo Kouarige dasys ur 9sea109p ([euo1}23s-55010)
a8eyuaorad ur (/¢ £29°¢ 1D o
%56) SSeaIaUT b6l T pue xoput aoueqanisip £103errdsax AyderSouwos£jog Wd vsSn 99 [15]
° o (6072 NN.NO 10 %26) Ul $9SBAIOUT YJIM pajerdosse uonnyjod Iy 010T ‘132qouey,
9SBAIOUI 046" 919M I}
‘SoAd] YAl UrI9)-110Ys Ul
asearour anrenbiajur L1949
10j ‘poriad 1ourwuns sy uj
. JUUISSISSE (uS1sap)
(ID %S6) + S 9218 10977 Surpuy urejy juowssasse Ayrenb doaayg wonnyod a1y A1yunon az1s o[dureg reak soune js1L]
Ayrrenb daays pue wonnyiod a1y (p)
Ayrenb doays payrodai-jpes Ayrenb S O —
ur Juowasoxduwr ur paynsar  dosys pajrodar-jas pasoaduwr ur paynsax yen (mar JeIoM)
Koaans daa[g peol 10J poyjaut uapamsg — [08]
(V)4p LS-%¥ 031 (V)IP 69-95 urd)jed orer) peox ut Juaurasoxdur wonorpaid A1pIo 500 ‘WONSI
JO 93uer WoIJ UOTIONPAI ISION I9)Je OIJeI) PEOI UI UOHONPNY Batp 'PION ¢ NSO
%G6) 4 S :9ZIS 193 urpurj ure uno az1s ardwre :
o) sq pa Suipuy urepy boont poma Anunop (dureg (uBts3p)

juawssasse Ayrenb daarg

JUSWISSIsSe 9SION

Tedk JoyINe Is11,]

“panunuo) ()



International Journal of Hypertension

chronic noise exposure [39]. More significant estimates of the
noise effect were found in subjects with long residence time
(OR: 1.20, 95% CI: 1.05-1.37) and with exposure of the living
room during daytime (OR 1.24, 95% CI: 1.08-1.41) compared
with the exposure of the bedroom during night-time [39].

In contrast, the ROADSIDE study found no statistically
significant association between road traffic noise and traffic
load and self-reported hypertension [40]. This finding was
reproduced by Dratva et al. [41], who showed no significant
association between traffic noise and hypertension except
in diabetics. Analysis of the HYENA study also supported
this differential effect of the source of noise on hypertension
[42]. Other studies found the association between noise and
hypertension to be gender [43, 44] and age [45] dependent.

5. Air Pollution and Hypertension

The urbanization of most American cities is likely to worsen
the problem of air pollution. In addition to soot, smog,
smoke, dust, ozone, sulfur, carbon monoxide, nitrogen diox-
ide, and lead which make up the particulates, suspended par-
ticulates in the air come from increased combustion of motor
vehicle fuel in the urbanized environment, posing a serious
health threat among urban dwellers. Recommended limits
for PM, 5 are 35 ug/m’ daily and 15.0 ug/m® annually [46]. In
2000, the annual average in downtown NYC was 17.5 pug/m’
[47]. Both indoor and outdoor pollution have been associated
with adverse effects on human health [48-54]. Even though
asthma is typically the disease associated with air pollution,
accumulating evidence suggests that hypertension is associ-
ated with air pollution [55-58].

Data from a meta-analysis suggested that blood pressure
(BP) was positively related to PM, 5 exposure, resulting in
an increase of 1.393 mmHg and 0.895 mmHg per 10 yg/m’
increase in PM, 5 exposure for systolic BP and diastolic BP,
respectively [41]. Further supporting a causal mechanism
was the finding that, with long-term exposure, there was a
stronger association with BP increase [2]. This is consistent
with findings in another study that found a 2.8 mmHg,
2.7mmHg, and 2.7 mmHg increase in resting systolic, dias-
tolic, and mean arterial BP, respectively, following exposure
to mean PM, 5 level of 10.5 g/m’ [59]. Dvonch et al. [60] also
noted similar associations between PM, ; and BP, and larger
effects were observed when urban location was controlled
for in the analysis. An interquartile range (IQR) increase in
PM, 5 (2.4 ug/m®) was found to be associated with estimated
increases in mean systolic and diastolic BP of 1.4 mmHg and
0.9 mmHg, respectively [61], and stronger effect sizes from
chronic exposure to ambient air pollution [62] and other
air pollutants [63] have been reported. There are conflicting
results with the finding that long-term exposure to traffic air
pollution is inversely associated with systolic and diastolic
BP and the prevalence of self-reported hypertension [64];
however it should be noted that there were differences in the
method that traffic air pollution was assessed in this study.
The fact that nitric oxide (NO), but not PM, 5, was assessed
makes direct comparison with the majority of the traffic
air pollution studies difficult. It is also worthy of note that
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PM, 5 retained the strongest association with blood pressure
(both systolic and diastolic) among four air pollutants (ozone
(O(3)), nitrogen dioxide (NO(2)), sulfur dioxide, and carbon
monoxide) in a recent study [65].

6. Environmental Factors and Sleep Quality

Urban communities are more likely than rural communities
to have certain neighborhood characteristics (i.e., noise and
air pollution) that affect sleep quality. The odds of having
short sleep are highest for those who live in central city envi-
ronments with over 1 million people compared with residents
of more rural, nonmetropolitan environments even after
adjusting for socioeconomic and health characteristics [66].

7. Noise and Sleep Quality

Noise is independently associated with reduced sleep quality
[67, 68]. Data from a cross-sectional study showed that resid-
ing in noisy area is associated with difficulties falling asleep,
falling back to sleep, waking up at night, and having poor
sleep quality [69]. In a related study, chronic exposure to
loud noise over a year was strongly associated with poor
sleep efficiency resulting in a decrease in total rapid eye
movement time, none rapid eye movement time, slow-wave
sleep time, sleep onset latency, and total sleep time [70].
A Norwegian study also developed a model that presented
sleep disturbance as a mediator of the noise and poor health
relationship. It is interesting that a phenomenon of “noise
annoyance” was found to be a mediator factor suggesting
that a vulnerable subset of the population was more likely to
suffer from the adverse health effects of noise [20]. Different
populations have been noted to rate different sources of noise
population as being noxious [68, 71]. Environmental noise
elevates arousal levels and fragments sleep resulting in a
redistribution of time spent in the different sleep stages [68],
typically increasing wake and stage 1 sleep and decreasing
slow-wave and REM sleep [72, 73]. The method by which
sleep quality is assessed must be considered in examining the
research literature since it has been reported that subjective
assessment of sleep quality after exposure to noise does not
correlate well with objective findings [68, 74].

8. Air Pollution and Sleep Quality

Decreases in sleep efficiency have been associated with
increases in short-term variation of particulate air matter
less than 10 ym in aerodynamic diameter [51]. An analysis
of a cross-sectional study showed a statistically significant
association between higher PM,, exposure and disorders of
initiation and maintenance of sleep assessed by the Sleep
Disturbance Scale for children questionnaire [75]. Exposure
to black carbon (a marker of traffic-related air pollution) in
urban Boston was associated with short sleep duration in men
and in the lower socioeconomic (SES) population. However,
the complexities in such analysis are highlighted by associa-
tions with longer sleep duration in Blacks, an association not
found in Whites or Hispanics [76].
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9. Discussion

Even though there is accumulating evidence on the associ-
ation between hypertension and environmental factors such
as air and noise pollution, there remains a significant gap in
elucidating the mechanism of this association. In the USA,
there is a paucity of published research that has examined the
association between hypertension and environmental factors
with most of the cited research originating from the Scandi-
navian countries. This finding is somewhat surprising given
the urbanization of our nation’s communities. Nonetheless,
these environmental factors, in particular air pollution, have
become a critical issue for the American Heart Association
(AHA) [54]. Given the evidence that environment plays a sig-
nificant role in determining blood pressure levels and hyper-
tension prevalence, it is imperative that the United States
derived data be gathered in the interest of the nation’s public
health [77, 78].

The proposed model presented in this review is simple by
virtue of the paucity of data on the relationships. Field studies,
as opposed to laboratory studies, are indicated to correlate
long-term exposure to environmental factors to hypertension
and sleep. There is evidence that sleep responses to noise
in the field are different to laboratory exposure [79] likely
because of physiological factors such as habituation [80] and
behavioral factors such as subject self-selection for living in
particular locations [81]. Idiosyncratic domestic stimuli, such
as bed partner movement and children going to bathrooms,
have been shown to be more influential on sleep patterns
than road traffic or aircraft noise [82, 83]. Future models will
need to clarify the relative contributions of genetics to the
environment-hypertension association.

The premise of this paper is that there is a glaring gap
in extant literature investigating the mediating effect of sleep
on the noise-BP association, given the well-established asso-
ciations of noise-BP and noise-sleep. The HYENA study
demonstrated a relationship between exposure to aircraft
noise and hypertension with a stronger relationship noted
with night-time exposure to noise as opposed to daytime
[36]. The implication of these findings is that night-time noise
disturbance may be more significant by virtue of sleep distur-
bance. In a separate study of exposure to aircraft noise, while
greater perception of noise disturbance was associated with
poorer subjective sleep quality, higher objective measures of
noise were associated with higher BP levels [84]. There is
even more of a paucity of clinical research when exploring the
air pollution-BP and the air pollution-sleep association. An
intriguing area of exploration is the common denominator
of electroencephalography (EEG) arousals in both the patho-
genesis of BP physiology and sleep architecture. It is well
established that EEG findings are instrumental in describing
sleep architecture [85]. EEG changes have been observed
when individuals are exposed to air pollutants [86], and sim-
ilarly EEG findings have been shown to precede changes in BP
homeostasis [87]. These findings suggest a gap in our under-
standing of the associations between environmental factors
and BP, warranting further investigations.

In the United States, there is the opportunity to link data
sets such as NHANES with validated spatiotemporal models
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or data such as the NYC community air survey (NYCCAS)
to investigate cross-sectional associations of environmental
factors and hypertension. Such endeavors are in the infancy of
being funded by the National Institute of Health (NIH) [88].
This recently funded study uses a cohort from Black Women’s
Health Study to determine the incidence of hypertension and
diabetes associated with PM, ; while controlling for noise
confounded using innovative modelling.

Finally, the proposed model has the potential to address
ethnic/racial disparities in the field of hypertension. Innova-
tive research methods from Southern California have illus-
trated the excess exposure to road traffic and its pollutants
that minority populations experience [89, 90]. The National
Institute of Environmental Health Sciences is a branch of the
NIH that has at its core mandate a stated mission to address
environmental health disparities. There is a higher prevalence
of hypertension in the African American population and
African Americans disproportionately suffer from poor sleep
quality, relative to other racial/ethnic groups [66, 91-94].
They also dwell predominantly in urban populations and are
subjected to a unique array of intense and prolonged envi-
ronmental stimuli. There should be opportunities for further
funding from the NIH to address these relevant issues.

10. Conclusions

In summary, sleep as a mediator in the pathway of the rela-
tionship between environmental factors and hypertension is
an intriguing model with promising avenues for therapeutic
intervention. The factors comprising the conceptual model
are especially common and small improvements in the pro-
posed predictor and mediator variables could lead to sig-
nificant improvements in the management of hypertension.
In addition, the epidemiology of the discussed variables is
such that they promise to address racial/ethnic disparities in
hypertension.
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