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ABSTRACT

In this article, the fourth in a series reviewing the role of food workers in foodborne outbreaks, background information
on the presence of enteric pathogens in the community, the numbers of organisms required to initiate an infection, and the
length of carriage are presented. Although workers have been implicated in outbreaks, they were not always aware of their
infections, either because they were in the prodromic phase before symptoms began or because they were asymptomatic
carriers. Pathogens of fecal, nose or throat, and skin origin are most likely to be transmitted by the hands, highlighting the
need for effective hand hygiene and other barriers to pathogen contamination, such as no bare hand contact with ready-to-eat
food. The pathogens most likely to be transmitted by food workers are norovirus, hepatitis A virus, Salmonella, Shigella, and
Staphylococcus aureus. However, other pathogens have been implicated in worker-associated outbreaks or have the potential
to be implicated. In this study, the likelihood of pathogen involvement in foodborne outbreaks where infected workers have
been implicated was examined, based on infectious dose, carriage rate in the community, duration of illness, and length of
pathogen excretion. Infectious dose estimates are based on volunteer studies (mostly early experiments) or data from outbreaks.
Although there is considerable uncertainty associated with these data, some pathogens appear to be able to infect at doses as
low as 1 to 100 units, including viruses, parasites, and some bacteria. Lengthy postsymptomatic shedding periods and excretion
by asymptomatic individuals of many enteric pathogens is an important issue for the hygienic management of food workers.

This article is the fourth in a series of several reviewing
the role of food workers in foodborne outbreaks. Members
of the Committee on Control of Foodborne Illnesses of the
International Association for Food Protection analyzed 816
foodborne disease outbreaks in which food workers were
implicated as the source of contamination (80, 194, 195)
and grouped these outbreaks into different types of contam-
ination scenarios. Specifically, this review deals with the
doses of pathogens required to infect individuals. These
pathogens have been or could be involved in foodborne
disease outbreaks through worker infection or contamina-
tion. It also describes the incubation period, duration, symp-
tomatic and asymptomatic carriage rates, and persistence of
pathogen excretion. For the purposes of this report, “ill”” is
defined as an individual having unambiguous symptoms
that alert the worker that handling food and food contact
surfaces is not appropriate. “Asymptomatic’ is defined as
the condition of individuals who are not obviously ill but
are colonized and shedding pathogens periodically; this can
be for a short time before the illness develops (prodrome),
subsequent to the illness in the recovery phase, or a long-
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term carrier. These individuals, their coworkers and man-
agement are typically unaware of their condition, and they
are capable of contaminating the kitchen environment over
a period of time unless they practice meticulous hygiene or
use barriers to prevent pathogen contamination. Interesting-
ly, from the review, an almost equal number of outbreaks
occurred where workers were asymptomatic (a few were
chronic excretors) as those where they were ill. Therefore,
it is important to recognize the risks of infected but appar-
ently well employees.

INFECTIVE DOSES FOR FOODBORNE AND
OTHER ENTERIC PATHOGENS

High numbers of pathogens can be present in fecal
matter, especially during diarrheal episodes, with levels of
up to 10'! infectious cells or viral particles per ml or g of
feces, although levels of 105 to 10° are more common (7,
33, 65, 203). These situations present opportunities for con-
tamination by those preparing food and subsequent illnesses
for those who consume the food. Clearly, the more patho-
gens consumed in a food or transferred through other fecal-
oral route scenarios, the more likely an illness will result.
Much work has been conducted to determine minimum in-



J. Food Prot., Vol. 71, No. 11

TODD ET AL.

2340

621 umouy JoN umouy JoN JsInmpour ur [°Q 1110 1702 g
9S09YD YT
¢8r VN VN 01§ 008—S¢1 MBI UL LHLSTO 100 °H
UQIP[IYO 0) USAIS UO
g81 VN VN 1974 001°T uedN sPurur LHLST1O o0 "d
uaIp peres unydwnd
g81 VN VN 81'0—¥0°0 -0 [00YdS ‘¢ UBIIN urt LZH:LSTO o2 °H
SSII & JSOUW UAIP[IYD
‘S103Inq paY00IIAP
-UN PoAIdS Ul ¢ Ue
-1pow ¢(Aned poyooo
-un/swsIue3io ¢/9 somed 1931nq
g81 VN VN SI-¢€0> uBIpaw) ¢/9-¢¢1> -wey ut LH:LGTO 1102 'd
Ay1a[ uos
g8r VN VN £€6—¢ y01 UBSIN -lueA Ut LH:LSTO 1102 'd
YSLI w
ol VN VN P0—€'0  TeIsow UdIp[Yd Gy -B[es ul LH:LSTO o0 °H
FLL LI [BUOISEIS0 [BUOISEI0 001—0T ‘(parewmnsa) 01 LH:LSTO 1702 DIYys142YdSH
61 LH:LSTO 10} [BUOISBIOQ  LH:LSTO 10} [BUOISBIOO (poyewnse) 001> sOdHA
sammunod Surdofoa samunod Surdofoa (po
861 #LI -9P Ul 2QABW ‘UMOUNU[) -Op Ul 9qABWI ‘UMOUNU[) -rewmns?) (O1—01 ‘01= JOdId
SIIBI ORI’ %09 ‘%8¢
901 umouxuny umouyury —GT ‘a1ruoqIedlq YIm o;01-g01 20dVvd
SOLIUNOd
Surdojoasp ur juonb q1el Yoene 90,
-9IJ dI0W ‘SALNUNOd 9)eu0qIedIq UM (O] 9Jel
901 9Iqeqold padojeadp ur arey JoeNe 9%001-0€ Tedw Ut (O1—,01 pOdLA
sajel yoee
%001 PU® %pp—¢] “@IeuoqIed
901 VN VN -1Q M (101—601 -SIIPMIS 8661
901 (parewinse) O
[ (07> Ul BAULIRIP I0J 9Jel o8}
-8 %08 01 dn yim ;01401
sammunod Surdofoa samunod Surdojoa surens yeaIqino jo Apms §/61
91 -9p Ul 9QABW ‘UMOUNU[) -9p UI dqABW ‘UMmOUNU) 601601 :SIPMS 9G61-0S61 20ddd
g8 601
S61 ON ON o0I= (parewnsa) 01 < suasurifiod wnipliisor)
901 VN VN S1eL YRR %091 ‘901—¢01
pajooyur
%G8 I NOrN® %91 10 ‘P2
14 VN qVN =109JUL 95()G “d1RL ORI %01 008
991 arey Arey (1293un[oA 1) 00S wnlal 12300qo)Kdwn)
(s)aouarayoy paysiqng pPALIJUT (Tu/NAD 10 3/NAD) (soronaed snia (soronaed sniia Jo ‘ou 10 ND) uadoyred

SYBAIQINO IoyIom pooj ur pajeordwr uesoyreq

YBAIQINO UT S[OAY]

sordures pooy Jo "ou 10 1))
SQJBWINIS? PUR BIEP YLAIqINO

WIOI} 9SOP SNOTOJU]

SAIPNIS JAAJUN[OA
WOIJ S0P SNOTIAJU]

syva.1qmo u1 papanduil spoof u1 punof s1242] uaSoyipd pup Sa1pnis 122JUNjoa oL PIPp asop snoydful sauviupnd 1 T1dV.L



2341

INFECTIVE DOSES AND PATHOGEN CARRIAGE

J. Food Prot., Vol. 71, No. 11

QeI YORN® %/0'[

193Inquuey

8¢ 9¢ VN VN ‘NAD Sof €°1 :os0p ut yodmoN vjjauouvg
J99q punoid
9¢ VN VN €C'0-90°0 ur odmaN vjjauouns
juowr
-o[ddns A1ejorp ureroxd
6E1 VN VN ero-Iro Ul BIOSSUUIIA] Djjauouvg
9S20YD B[[oI
-eZZOW Ul SIaquaTueIQ)
98 VN VN £v0'0-9€00°0 PUR BUBIAR[ DJjoUOUDS
wey
6¢1 VN VN 000°€T Ul snuejuy vjjououng
9S00 Ieppay)
LS VN VN 9€00°0—8100°0 ur S1aq[epIoy vjjauotlvg
330 poyroa urerd
001 VN VN Sero eI YBNE %/[9 ‘I1 ut sipnueuy vjjauouvg
pe[es uosedew
001 VN VN 000°T  SIBIYIBNR %bE ‘000 Ul SIpRLIRUY vjjauoung
uoyed s)npe I10J weard 01
r0c VN VN 3 ¢/-69 ‘9F'0—¥00'0  0S—ST ‘UAIP[IYD 10 () Ul SIpRLISIUY Djjouowng
dJe[020yd
6E1 VN VN §T=c00 Ul suImnoqisey vjjauou]ng
el
Yoene %6°0L ‘NdD sornsdeo oururIed
[11 ‘§S 8€ VN VN 80 LSt as0p 401 ur eueqny pjjauUouIng
Surqy yro1 339
89 VN VN €00 ut wnjeuy pjjauou]ng
S[[9o
001—0T Se MOJ se
8L VN VN 2q p[nod 1nq 4O[ 03 d)
sajel yoene 9,001—L] ‘Sou
901 VN VN -830 Ul SIBAOIOS XIS (M (0T—¢01
pooj jo sodfy
11 SuIAJOAUT SYBAIq
6§ juonbaig juanbarg -No ¢ ut {;01—01> pjjauoups TeproydAyuoN
eI JoeNe 90
Amoﬁ )Rl Yoeye 9,87 Amo_ Qel
NOBNR %06 ‘0] IRl yorne
6 VN VN %68 ‘501 1Rl Y'Ne 9%C6 ‘(01
Sur (po
61 ‘91 [eUOISBIO() -UI[odp Inq [BUOISEII -lewins?) (O] 01 Oz—SI wdA], vjjauouypg
zcl VN VN SIoympuely ut €0
vLT ON ON (parewnsa) O] sauadoiloouow v112JST]
vauoﬁvhvwom paystqng pPRIIJUT QE\DWU I0 M\Dnﬁov Awoﬁoﬁhd& STLITA Awuﬁoﬁﬁwg STITA JO “ou IO DHHUV EQMOEHN@

SYBAIQINO IoyIom pooj ur pajeordwr uesoyreq

sojdures pooy
YBAIQINO UT S[OAY]

Jo -ou J0 NJAD)

SQJBWINIS? PUR BIEP YLAIqINO

WIOI} 9SOP SNOTOJU]

SAIPNIS JAAJUN[OA
WOIJ S0P SNOTIAJU]

ponmunuo) "1 414dV.L



J. Food Prot., Vol. 71, No. 11

TODD ET AL.

2342

159 VN VN urxojoIue 5u 0§ F |
S[[9o
<01= ym paonpod
S61 juonbaig Sururpoop Inq juenbaryg s01—c01 urxojoru 3l ¢—1> snaAnp $N22020] ydig
901 [euoISE22() [eUOISEIO() 1Bl YorNR 9%GG—/4 [IW Ur )OS 12u0s v]a81ys
91l qoeNe 9%/ C—CT
W ur 001 -91ed oene
901 VN VN %98~y "eu0qIRdIq Ul ([0l
sy00f
-QNS 9ATEU UI 9JeI JOBNE 9)¢H
oG Ut ;0 X [ ‘s100[qns
QAIRU UT 9476 PUB SId9JUNJOA
pao3uaqreyo Afsnoraaxd ur ojex
201 [euoISEd2() [eUOISEIO() SorNe 95,7 10JNq UL (O] X '] vy Louxalf vjjasys
eI
JORN' %HEQ N[IW UL (] el
JoeN' 9%0L NIW UL O] X
T *R1BI YORNR 9506 MN[IW Ul (O]
Il X T eI YorNe 9501 (W ur O]
sammunod Surdopoa SOLNUNOd
961 -op ur oqAewr ‘umowyun)  SurdofoAep ur a[qeqoig (poyewnso) 1= 01> avLI21uas p v]a81ys
dnos
er Ym wek pajess ur
001 VN VN 00€°C oene %0% ‘000°8¢T wintnwiydAy, vjjauoung
19SS UQZ
-o1y ur dniopuselg pue
681 VN VN Sl wnunwiydAy, vjjpuouyng
eI YoeNe 9%(0°'SS WEeAId 01 UOTeIIWI Ul
8¢ F VN VN {NAD 30[ 6L°¢ @s0p wntnwiydAy, vjjououing
J[0& 339 uazoij ur
651 VN VN 90 wnunwrydAy, pjjauowvg
05>
asop pajodyur dnoid (STPNLIQIUY pue ‘QuO}S
Quo Ul 9]¢ {(sonoiq -3uIAl] ‘Sanquopuerg
(swoydwAs 210] -nue wnnoads peoiq ‘fonenqswirg aIom un
-9q Y 9¢ 10§ Aep 1od uo pue p[o sreok -garoued ur punoj siea
pPoWINSUOD 1M B[ G'1 moge Apsowr ‘pro -019s 1oy)0) unearoued
-[ouowi[es $—gg ‘yuejy s1eak >) syuoned paiopmod ur puni3
121 ‘S€ VN VN -ur Quo ur) § 00I/g>  SIS0IqY ONSAd OIRIPa] -UQZIBMYDS D]]oUOUIIDS
BURIAR[ pUB ‘MeB[SIqny
£l VN VN SY'0-+0°0 Sv—v ‘[nediureg vjjauouyvg
dJe[020Yd
£ VN VN YT 0—€v0'0 ul BWIN pjjauouvg
(s)aouarayoy paysiqng pPALIJUT (Tu/NAD 10 3/NAD) (soronaed snia (soronaed sniia Jo ‘ou 10 ND) uadoyred

SYBAIQINO IoyIom pooj ur pajeordwr uesoyreq

sojdures pooy
YBAIQINO UT S[OAY]

Jo -ou J0 NJAD)
SQJBWISY puUB BJRP YBAIQINO
WOIJ 9SOP SNONIAJU]

SAIPNIS JAAJUN[OA
WOIJ S0P SNOTIAJU]

ponmunuo) "1 414dV.L



2343

INFECTIVE DOSES AND PATHOGEN CARRIAGE

J. Food Prot., Vol. 71, No. 11

eoyLrerp dojoasp

Jou pIp S0P () 1B UAA (—93F)

mnoyim asoy) ¢(49S) auad
Surpuiq [erpeypide v yim sye
-PIAIpUL UL ¢ 01 Q= Wolj

ocl VN VN SISOP 18 SI9AUN[OA JO %T9—0S
onewo)
-dwiAse a1om 957¢ Jururewar
Q) SBAIAYM ‘SSAU[[T UT PIj[Ns
-1 9489 ‘SUOIJJJUI ISAY) JO Pd
9/ VN VN -JO9JUI QWEBJAq SIAUN[OA JO %78
69 VN VN 001-01
#Z juonbary  Sursearour pue juonbarg (pojewnso) O01= STITAOION
961 juonbaig juanbar (parewnsa) O1—01 sniA 'y osnnedoy
rLI VN VN 901 201
0t [euoISL2) [eUOISEO2O (parewnsa) (O1—401 IOAUN[OA T 10 (0T DOI1]02042JUD DIUISII [
suorjendod
Vidi umouy JoN umouy J0N orqndoosns ur mof K1oA snoifiupna o1qIA
901 VN VN el IeNe %001-0S ‘c01—,01
(eanisod
Vidi VN VN uouswouayd emeSeuey]) 0101
99 umouy JoN umouy JoN +01—¢01 snondjowavyvind o11qIA
uoraIox? yead je [003s 3
/04D s01—¢01 AL OrNe %€
FEI VN VN ‘60T—901 :urens oruagoyied JSON
901 VN VN 1Rl orNe 9%001-L9 ‘s01—901
LI umouy JoN umouy J0N (parewnsd) 101401 1O-UOU 2D.42]0YD O0LIQIA
s[enpra
-Ipur SLIPAYOIO[YOr <01 Yim sajer yoe)
10J st 1YSIY (] -1® %001-09 ‘POOJ UYIm paxIwt
—201 39 01 pajewnsd 10 19JJnq 91RUOQIRIIQ IM O]
el ‘901 VN VN asop yeaiquno [edrdLr,  —01 ‘Suryng ou yYIM ;01401
sammunod Surdo
SoIUNOd -[OAQD UI SBAIE JTWIP 6€10
(24 Surdojoaap ur A[oyI'T  -US UL [BUOISEII0 A[YI'] pue [Q av.12]0Yyd OLIqIA
sua1ovfonbiy ~dsqns
65T umouy JoN umouy JoN $1P2aDf $1220203d2.418
S61 ey ey (parewnsa) ,01< d dnoi3 snoo0003da.ig
(v dnoig)
961 FLI [BUOISBIO() JUIUIO9P ‘[BUOISBII() (parewnsd) O1= souadold sn>20201da.11§
(s)aouarayoy paysiqng pPALIJUT (Tu/NAD 10 3/NAD) (soronaed snia (soronaed sniia Jo ‘ou 10 ND) uadoyred

SYBAIQINO IoyIom pooj ur pajeordwr uesoyreq

sojdures pooy
YBAIQINO UT S[OAY]

Jo -ou J0 NJAD)

SQJBWINIS? PUR BIEP YLAIqINO

WIOI} 9SOP SNOTOJU]

SAIPNIS JAAJUN[OA
WOIJ S0P SNOTIAJU]

ponmunuo) "1 414dV.L



J. Food Prot., Vol. 71, No. 11

TODD ET AL.

2344

"9SOP 9ATIOJJUI URIpaW OS]

"1]00 7 JISRYIIOWYOINUL ‘DFHH 5
1109 " SAISBAUIOINUS ‘DHIH s

"1700 7 9AnRSIIZe0INUD DAV »
‘1102 7 JMUSIX010IAUD DHILA p
‘1702 77 dasoyedoraus ‘DHJH »

-91qeordde jou ‘YN 4

'S9JINOS SNOLIBA UO PIaseq SAJUAIJUI In(Q »

(pa109yul QWLdaq
$18K0 ()] POAIOAI OYM [[B puB
‘$1SK0 G7—(0] SUIATIAI 9%4°9¢

€91 VN VN 18K5 | Surareoar 95() 1540
S61 LT ey ey (parewnsa) 1s4£0 | SIS0 1 pIqUID] DIPADIL)
S61 ‘901 umouy JoN umouy JoN (porewnso) 1Ko | 150 | 1102 pga0WDIUT]
S109)
-unjoa / ur swoydwAs asned
! VN VN 10U pIp $18£900 000‘6+—00C
°lq
98 umouy 10N -eqoid Jng umouy| JON MO[ 9q 0) pawInsSsy S1SUUDIIDD DLOdSO]IL)
S1SKD
-00 0001 = UONIJUL %(01
48184000 7€ = 05(] ‘8184000
IS VN VN 0¢ = swoydwAs ou nq uONOJUY
961 ‘ISI ‘901 ‘ST ey ey $18£000 96> 818000 ()¢—]  SISKO00 TH()‘1—6 ‘S$1SK000 (01—01  wmaivd wnipriodsoidSi)
94 01
soc S0P (O] PIm ANANODJUT 9% €6
y01=01 JO
967 ‘¢ °Iqissod 1nq umouy JON [eUOISEO2O (parewnsd) 01—;01 9s0p ® yum onewoldwAs 9,066 SNITARIOY
S[enpIAIpur +9§ ul
SOJBI UOT)OAJUT JOYSTY PIm Inq
6 VN VN SSurpuy YIIwsIpur] pAWLIguo)) (P JU0d) SNITAOION
(s)aouarayoy paysiqng pPALIJUT (Tu/NAD 10 3/nAD) (soronaed sniia (soronaed sniia Jo ‘ou 10 ND) uadoyred

SYBAIqQINO IoyIom pooj ur pajeordwr uesoyred

sojdures pooy
YBAIQINO UT S[OAY]

Jo ou J0 NJAD)
SQJBWISY puUB BJRP YBAIQINO
WOIJ 9SOP SNONIAJU]

SAIPNIS IAAJUN[OA
WOIJ S0P SNOTIAJU]

ponmunuo) "1 41dV.L



J. Food Prot., Vol. 71, No. 11

fectious doses for foodborne pathogens from volunteer
studies and counts in food following an outbreak, but ac-
curate determination with this approach is not possible be-
cause in theory one infectious unit of a bacterium, virus,
or parasite has the potential to cause an intestinal infection.
A few bacterial cells (or even one) can multiply rapidly
under grossly abusive time-temperature conditions; there-
fore, even low levels of pathogen contamination in a food
can result in ingestion of large numbers of organisms. In
volunteer studies, levels of organisms given to small num-
bers of healthy adults tended to be high and often not all
of these individuals showed symptoms. For instance, Hor-
nick et al. (91) stated that 200 cells of Shigella spp., 10°
cells of Salmonella Typhi, 108 to 1010 cells of Escherichia
coli, and 107 cells of Vibrio cholerae are sufficient to cause
diarrheal infections with about a 20 to 30% attack rate in
volunteers, but the infectious dose was dependent on the
pH of the inoculum. In contrast, much lower levels of path-
ogens were occasionally found in leftover food associated
with outbreaks, but we do not know the actual amounts
eaten by affected individuals, the precise pathogen levels
in those food portions, or the immune status of those af-
fected. Nor do we know the values of the same parameters
for those who ingested food but were not ill. We reviewed
the literature to record what is known about doses, both
low and high, in causing illness through volunteer study
data and pathogen levels found in foods implicated in out-
breaks (Table 1). These types of data can determine an in-
fectious dose with an attack rate only in a defined popu-
lation or the concentration of the pathogen only in the food
consumed. More detailed discussion of infectious doses can
be found in the Hazard Characterization for Pathogens in
Food and Water: Guidelines (59). Whether volunteer ex-
periments, especially those carried out many decades ago,
are valid reproductions of real-life scenarios is frequently
questioned (39). For instance, in one study the recipients
of the Salmonella Typhi cultures delivered in milk were
typically healthy adult males, and despite the fact that this
organism is widely assumed to cause infection at a much
lower dose than that required by other salmonellae, the me-
dian infectious dose (107 CFU) was still relatively high
when the cultures were ingested (92). The Quailes and Zer-
mat strains chosen may not have been be typical of most
typhoid fever strains, but they were chosen because they
contained the Vi (virulence) antigen. Conversely, it is rarely
possible to determine an attack rate with a known dose in
an outbreak situation. In some cases, very low levels have
been found in food samples tested after outbreaks (Table
2). Stomach acids are one of the body’s defense mecha-
nisms against gastrointestinal infections. Gastric fluid con-
sists of HCI and pepsin and can kill bacteria within 15 min
when the pH is less than 3.0 (67). Individuals with a re-
duced amount of stomach acid or who are taking antacids
or other medications, particularly to counteract gastro-
esophageal reflux disease, would require lower doses of
pathogens to become infected. When the pH is raised above
4.0, bacterial overgrowth may occur. Acquired hypochlor-
hydria (low gastric acid output) can result from atrophic
gastritis, malnutrition, and other conditions frequent in the

INFECTIVE DOSES AND PATHOGEN CARRIAGE 2345

community (/91), such as celiac disease, Addison disease,
asthma, eczema, diabetes mellitus, chronic hives, psoriasis,
rosacea, and osteoporosis, and iatrogenic hypochlorhydria
can be caused by gastric surgery or by drugs that inhibit
acid secretion. Tennant et al. (/9/) demonstrated experi-
mentally that 2.5-fold more Yersinia enterocolitica, 5.4-fold
more Salmonella Typhimurium, and 13.6-fold more Citro-
bacter rodentium survived passage through the stomachs of
hypochlorhydric mice (=pH 7) than through the stomachs
of hyperchlorhydric mice (<pH 3.6). Buffering of a dose
for volunteers, such as with sodium bicarbonate, typically
yields a higher attack rate (58, 76). The fat content of the
food matrix also may protect the organism from stomach
acids and is an important factor in outbreaks related to
foods such as chocolate, tahini, and hamburgers whether
individuals have low stomach acidity or not (Table 2).
Thus, it is impossible to determine the exact minimum in-
fectious doses for individuals or even populations, but low-
er infectious doses can be expected for high-risk people,
such as those who are young, old, on medication, or in
areas with a high rate of malnutrition.

In general, we expect that pathogens with very low
infectious doses could be more easily transmitted by in-
fected food workers. In contrast, we anticipate that certain
pathogens requiring relatively large numbers to infect
healthy populations would be less likely to be involved in
outbreaks associated with food workers. However, because
rapid growth under abusive time-temperature conditions
can result in ingestion of large numbers of organisms, even
organisms with high infectious doses can cause disease. Or-
ganisms apparently requiring large numbers of cells for col-
onization include Clostridium perfringens, enteropathogen-
ic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enter-
oaggregative E. coli (EAEC), Listeria monocytogenes,
some strains of nontyphoidal Salmonella, Staphylococcus
aureus, Streptococcus group D, V. cholerae, and Vibrio
parahaemolyticus. No evidence has directly implicated C.
perfringens or Listeria in food worker—-related outbreaks.
However, C. perfringens is frequently found in food envi-
ronments where there is raw meat and poultry. Bryan and
Kilpatrick (20) found that on visits to a roast beef sandwich
restaurant on three successive days, many pieces of equip-
ment, e.g., slicer, knife, scales, thermometers, towels, en-
vironment, work table countertop, and fan, were contami-
nated with spores of C. perfringens. All nine stool speci-
mens collected from seven workers and 4 of 10 hand-rinse
cultures were positive for C. perfringens. Although the
strains were not typed to establish associations, it is likely
that workers and food environments are frequently contam-
inated with this pathogen, and outbreak opportunities are
limited only by preventing temperature abuse of cooked
meat and poultry. L. monocytogenes has been implicated in
the contamination of delicatessen meats at both the pro-
cessing and the retailing steps, and bacterial transfer has
occurred from slicing machines (102, 142), but no direct
link with the fecal-oral route involving food workers has
been established despite the fact that this pathogen has been
found occasionally in stools (81, 173).

Similarly, V. parahaemolyticus never has been linked
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to worker outbreaks or person-to-person transmission, but
new evidence indicates that some V. parahaemolyticus
strains have infected persons with doses <103 CFU (68).
Potentially, therefore, infection with V. parahaemolyticus
could result from worker errors in food service establish-
ments because of the low dose required to cause serious
illness in susceptible populations. However, there has been
no record of this, possibly because this organism does not
typically colonize humans, occurs in select marine environ-
ments, and is not a routine part of surveillance activities
with prepared food items.

Toxigenic V. cholerae O1 and O139 serotypes are in-
fective at a dose of 103 to 10* organisms; a non-O1 strain
that does not produce cholera toxin but produces a heat-
stable enterotoxin, NAG-ST (155), is able to colonize the
intestinal tract but only at a much higher dose (10¢ CFU).
Food workers have been implicated many times in cholera
outbreaks (53). Examples include rice served at functions
in African settings where cholera patients or victims have
been present (1/84), cooked shellfish at a restaurant in Thai-
land (72), and cold meals served on airplanes during flights
in the Middle East and Latin America (/87). In each case,
hygiene was poor and there were opportunities for pathogen
growth in food. Although we lack any information on other
vibrios implicated in food worker outbreaks, such outbreaks
may occur, especially because variants of V. cholerae may
be confused with other Vibrio species, such as Vibrio mim-
icus and Vibrio alginolyticus (207).

Much lower infective doses seem to be associated with
Campylobacter (500 to 800 CFU; Table 1). Volunteer stud-
ies are not permitted for enteroinvasive E. coli (EIEC) and
enterohemorrhagic E. coli (EHEC) because of disease se-
verity, but it is assumed from outbreak data that few cells
are required to cause illness (<100 or even <10 CFU for
E. coli O157:H7 in some situations). However, similar types
of pathogens such as Shigella dysenteriae and Shigella flex-
neri 2a have been given to volunteers to determine infective
doses. The lowest dose to cause an infection for an anti-
biotic-resistant pandemic strain of S. dysenteriae was 200
CFU, the mean incubation period was 5.2 days, the presen-
tation was clinical colitis, and at the height of excretion
stools contained 10° to 10'° CFU/g (114). The lowest in-
fectious dose was estimated at <500 CFU for Shigella son-
nei, <140 CFU for S. flexneri, and <10 CFU for virulent
strains of S. dysenteriae, but in some volunteer studies with
S. flexneri the inocula were buffered to prevent any reduc-
tion of the dose by stomach acid (/07). EIEC is assumed
to have the same low infective dose as S. dysenteriae, e.g.,
<10 CFU (198), but this assumption is based on similarity
of infective mechanisms rather than any direct observa-
tions.

We expected to find evidence of worker-associated out-
breaks of Campylobacter, EIEC, EHEC, and shigellae in-
fections. Many documented outbreaks of shigellae infection
have involved food workers (80, 194, 195). However, Cam-
pylobacter and E. coli O157:H7, even with their low in-
fective doses, have rarely been recorded as transmitted by
food workers and thus leading to outbreaks. Greig et al.
(80) found only five documented Campylobacter and three
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documented E. coli O157:H7 worker-associated outbreaks,
despite the fact that Campylobacter is the leading cause of
bacterial diarrhea in the United States, New Zealand, and
other developed countries (198). In a 1997 study of 30,000
diarrheal stool samples, E. coli O157:H7 was the fourth
most prevalent bacterial enteric pathogen, and person-to-
person transmission of E. coli O157:H7 is not considered
uncommon (/80). There are many opportunities for food
workers to be infected with these two organisms. The rea-
sons for low worker involvement in outbreaks are not ap-
parent, especially because Campylobacter can remain via-
ble in stool specimens for =7 days after patient recovery
(99), and E. coli O157:H7 can remain viable for =10 days
(160). Perhaps the low rate of worker involvement in out-
breaks is due to the fact that there are relatively few asymp-
tomatic carriers in the community, although up to 13% of
apparently healthy individuals in surveys have been found
to excrete Campylobacter jejuni or Campylobacter coli
(99). Healthy carriers of E. coli O157:H7 and O157:H- also
have been documented (17), but few large population stud-
ies have been conducted to determine the carriage rates for
healthy adults, which is assumed to be low. In a limited
survey in northern Italy, verotoxigenic E. coli (VTEC)
0157 was found in 4 (1.1%) of 350 farm workers on 276
dairy farms and in 50 abattoir employees (/77), but not all
VTEC strains necessarily cause disease (83). Secondary
spread of E. coli O157:H7 is most likely after an outbreak,
either as a foodborne or community infection (79, 123,
150).

Campylobacter frequently enters the food service en-
vironment via raw poultry but tends to die off rapidly, es-
pecially in dry, warm conditions and will not grow in many
foods. EHEC survives better and can grow in most ready-
to-eat (RTE) foods. However, although animals are the nor-
mal reservoir of E. coli O157:H7, the meat slaughtering
and processing industry takes extensive precautions to pre-
vent contamination of meat and poultry products. Thus,
contamination is rare in raw foods of animal origin, al-
though E. coli occasionally will enter the kitchen through
ground beef. In a recent outbreak of E. coli infection in
Belgium, ice cream was implicated, and the same E. coli
strains (0145 and 026, both EHEC) were found in the fecal
samples of patients and in ice cream from one of the birth-
day parties, in fecal samples taken from calves, and in sam-
ples of soiled straw from the farm at which the ice cream
was produced (45). Researchers postulated that cross-con-
tamination occurred through a worker who was involved in
the production of the ice cream and had contact with the
animals; he was not trained or properly instructed in hy-
gienic issues. Except for their relative rarity, E. coli strains
have characteristics similar to those of Salmonella, the sec-
ond most frequently documented pathogen in food worker—
associated outbreaks (80), and therefore, there is no obvious
reason why E. coli O157 or other EHEC should not be
implicated more frequently through worker errors in typical
food service settings around the world. EPEC, ETEC, and
EAEC require large numbers to cause diarrhea (10° to 103
CFU) and are not likely to be involved in worker trans-
mission, but these pathogens are endemic only in devel-
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oping countries, where outbreaks may not yet have been
investigated and published.

In volunteer studies, some serovars of Salmonella have
infectious doses that appear large (10° to 10! CFU), but
data from outbreaks suggest a lower range but with consid-
erable variability (<10! to 10° CFU). Carmine dye in cap-
sules containing 4.57 log CFU Salmonella Cubana had a
70.9% attack rate when given to susceptible patients (58,
111), and an outbreak of Salmonella Typhimurium infec-
tion had an attack rate of 55.0% when imitation ice cream
was eaten with an average dose of 3.79 log CFU (4, 58).
In contrast, outbreaks involving fatty products have had
much lower contamination levels, e.g., chocolate bars with
<10 CFU Salmonella Napoli per g (78), chocolate balls
with 2.5 CFU Salmonella Eastbourne per g (58), both with
unknown attack rates, and hamburger with 6 to 23 CFU
Salmonella Newport per g and a low attack rate (1%) (56,
58). Other examples are shown in Table 1. Different Sal-
monella serotypes are widespread globally and occupy
niches allowing them to reside in food processing and prep-
aration environments awaiting adequate conditions for con-
tamination and/or growth in food. Many of the documented
outbreaks occurred with low doses because of the protective
characteristics of the specific foods such as oils or fats in
cheese, chocolate, ice cream, and egg-based foods; fats and
oils coating the bacterial cells reduce the opportunities for
the gastric fluid to inactivate the organisms. However, apart
from egg-based mayonnaise salad items, these types of
products have not been associated with outbreaks implicat-
ing infected food workers.

Multi-ingredient RTE items are much more likely to
be associated with food worker errors because these items
require more handling during preparation. A Japanese min-
isterial directive advises restaurants and caterers to freeze
portions of both raw food and cooked dishes for at least 2
weeks so they can be examined if an outbreak occurs. Ka-
suga et al. (100) evaluated the analyses of 39 salmonellosis
outbreaks associated with schools, hospitals, restaurants,
caterers, and confectioneries where the food items had been
preserved. Levels in foods ranged from 0.135 to 5.0 X 107
CFU/g, with doses estimated at 1.1 X 10! to 7.5 X 10°
CFU. Food workers were not specifically mentioned as the
cause of the outbreaks (implicated foods were mostly egg
dishes contaminated with Salmonella Enteritidis), but some
worker transmission probably occurred. Five separate out-
breaks (with three serotypes) were listed as arising from
contaminated grated yam diluted with soup. The doses for
these infections ranged from 1.38 X 10° to 7.5 X 108 CFU,
with attack rates of 21.9 to 100% (Table 2). Although these
numbers seem to be very precise, there may have been an
uneven distribution of the Salmonella in the foods (less
likely in liquids), and die-off could have occurred during
the storage time, which brings some uncertainty to the re-
sults. However, from these data we can propose scenarios
where food workers infected with Salmonella could con-
taminate RTE foods with low levels of the pathogen, which
would then increase after temperature abuse to higher con-
centrations, e.g., to 10! to 103 CFU/g or higher, which
would be sufficient to cause an outbreak (Table 1) (100).
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Workers may be long-term carriers of pathogens. Al-
though chronic Salmonella Typhi carriers are rare (only 1
of 800 volunteers tested for many years chronically ex-
creted the organism, and he had gall bladder disease (90)),
they can excrete as many as 10'! CFU/g feces (92) and
have been responsible for several outbreaks (190, 209). The
issue of excretors of enteric bacterial pathogens has been
further discussed by Cruickshank and Humphrey (38), but
they focused more on transient carriers. They mentioned
studies indicating Salmonella carrier rates of 0.2 to 5%; the
most extensive study in Japan revealed rates of only 0.15%.
These authors quoted estimates for carriers in the United
States and United Kingdom to be 200,000 and 50,000, re-
spectively.

S. aureus should not be associated with worker out-
breaks when these outbreaks are mostly linked to low path-
ogen doses. An enterotoxin dose of =1.0 pg in contami-
nated food produces symptoms of staphylococcal intoxi-
cation, but this toxin level is typically reached only when
S. aureus populations exceed 10° CFU/g (198). Occasion-
ally levels are very high, as occurred in a large outbreak in
Brazil where up to 3 mg probably was ingested (48). The
many documented outbreaks associated with S. aureus re-
flect the high nasal carriage rate in the population (55, 109).
This carriage, in turn, allows frequent contamination of the
hands and arms and may result in heavily loaded infected
skin lesions that act as foci for spreading the pathogen by
hand contact during preparation and handling of RTE
foods. Staphylococcal growth in food must occur for en-
terotoxin to be produced, and therefore sufficient time and
temperature abuse are required.

The infectious dose for group A streptococci (beta-he-
molytic Streptococcus pyogenes) is probably quite low
(<103 CFU); for group D streptococci (Streptococcus fae-
calis, Streptococcus faecium, Streptococcus durans, Strep-
tococcus avium, and Streptococcus bovis), it is probably
>107 CFU (198). Group A streptococci have been impli-
cated in outbreaks after workers have sneezed on foods,
which were then improperly stored.

Y. enterocolitica has only occasionally been implicated
in food worker—associated outbreaks; Greig et al. (80) listed
seven episodes. This small number of outbreaks may be
due to the high recorded infective dose (10° to 10° CFU)
and the fact that the organism is more infective at lower
temperatures, such as 22°C, rather than at 37°C (165). Al-
though Y. enterocolitica is a ubiquitous microorganism, the
majority of isolates recovered from asymptomatic carriers,
food, and environmental samples are nonpathogenic (61).
However, in a Washington State outbreak associated with
tofu, two of the employees preparing the tofu were asymp-
tomatically infected with the outbreak strain (22).

Infections with hepatitis A virus (HAV) occur globally,
mainly through person-to-person spread, but outbreaks also
have been associated with food and water contaminated by
human sewage or by infected individuals. According to
Greig et al. (80), HAV was the third most frequently re-
ported pathogen in outbreaks associated with food workers,
after norovirus and Salmonella. In the United States, the
United Kingdom, northern Europe, and Japan, caliciviruses
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such as noroviruses and sapoviruses (e.g., Sapporo virus)
are the most common cause of sporadic acute gastrointes-
tinal illness in patients of all age groups except infants and
toddlers, in whom rotaviruses predominate (/37). Norwalk
agent, named after the location of the first documented out-
break in Norwalk, Ohio, was confirmed as an infectious
agent through administration of fecal filtrates to volunteers
by Dolin et al. (49). Sapporo virus was first detected during
a gastroenteritis outbreak in a home for infants in Sapporo,
Japan in 1977 and now occurs globally. This virus plays
an important role in outbreaks of infantile gastroenteritis
and is less important in foodborne outbreaks, although such
infections have been documented (34). The lowest infec-
tious doses for HAV and norovirus, both well established
as pathogens transmitted by food workers, are unknown but
estimated to be 10 to 100 virus particles (/98). However,
not all those who ingest norovirus particles are affected.
When volunteers were given dilutions of a stool filtrate,
82% became infected; of these infections, 68% resulted in
illness and the remaining 32% were asymptomatic (76).
Lindesmith et al. (/20) discovered that the infectious doses
depended on the genetic makeup of volunteers; 50 to 62%
of the volunteers developed diarrhea when they were given
doses from =10* to 10® and had an epithelial binding gene
(Se+), whereas volunteers who did not have the gene (Se—)
remained well with doses up to 103. This work was con-
firmed by Hutson et al. (93), who found even higher rates
of infection for those with the Se gene. Because persons
infected with these viruses often excrete 103 to 10'2 infec-
tious particles per ml of diarrheal feces (65) and the infec-
tive dose is apparently very low, contamination of hands,
food, and nonfood contact surfaces or utensils through fecal
transfer or aerosolization of vomitus onto food or surfaces
can easily lead to infection of workers and patrons in food
service establishments. However, not all excreted particles
are necessarily infectious (206). As analytical methods im-
prove for norovirus detection, more outbreaks will be iden-
tified as caused by this pathogen, and more persons will be
identified as carrying norovirus in their stools. O’Neill et
al. (149) developed a sensitive nested reverse transcriptase
PCR method with a 10- to 1,000-fold increase in sensitivity
over other PCR protocols and electron microscopic meth-
ods and found that a positive diagnosis could be made in
30 of 31 gastroenteritis outbreaks investigated. This im-
proved diagnostic ability will allow researchers to separate
cases of norovirus infection associated with outbreaks in
hotels, restaurants, hospitals, and nursing homes from non-
outbreak cases of diarrhea such as those in elderly patients
in hospital wards. For infected individuals in outbreaks, the
positive diagnostic rate ranged from 11.5 to 100%.

The same situation applies to rotaviruses, also trans-
mitted by the fecal-oral route, with the feces of an infected
person containing 8 to 10 X 10° infectious particles per ml,
where only 10 to 100 particles are required for transmission
of infection (2). Bishop (13) reported even higher numbers,
with clinically infectious persons shedding >10'2 rotavirus
particles per g or ml, and the virus appears to retain infec-
tivity for many months. Although 14 foodborne rotavirus
disease outbreaks have been documented (/72), these were
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in New York State in the 1980s and 1990s and involved
cold foods, salads, shepherd’s pie, strawberry shortcake,
hamburger, brownies, and ice served in food service estab-
lishments and camps. Seven of these outbreaks were con-
firmed. Sattar et al. (/72) suggested that the quality of sur-
veillance in New York was the reason these outbreaks were
detected, whereas other outbreaks in the United States may
have occurred but were not recognized; at least some of
these outbreaks may have been misdiagnosed as norovirus
or multiple pathogen disease outbreaks. For instance, in an
outbreak aboard a naval ship, six enteric viruses (three no-
rovirus genotypes, a sapovirus, and a rotavirus) were iso-
lated from those individuals who ate salad and developed
diarrhea (64). Another foodborne outbreak occurred in
2000 in the District of Columbia when college students
were infected after eating tuna or chicken salad sandwiches;
the cooks also were infected and may have been the source
of the virus (23). Outbreaks associated with school meals
in Japan have been reported (172). Mead et al. (128) stated
that an estimated 39,000 foodborne rotavirus infection cases
occur each year in the United States, more than nine times
the number of estimated HAV infection cases (4, 168). Be-
cause several food worker—associated HAV infection out-
breaks have been noted in the literature (80), it is surprising
that there is no evidence for more rotavirus infection out-
breaks initiated by workers in the United States. The lack
of documentation for foodborne rotavirus infection out-
breaks and sporadic cases is not easily explained, although
diarrhea most frequently occurs in the winter months in
young children who are not involved in food preparation.
Adults tend to have immunity, but volunteer and epidemi-
ological studies have revealed that adults can develop di-
arrhea when exposed, as in a college student outbreak (23).
Teachers and family members of sick children also can be
infected, as illustrated by outbreaks in closed communities
such as a kibbutz and schools (63, 125).

A case-control study to determine risk factors for gas-
troenteritis attributable to norovirus, Sapporo-like virus
(SLV), and rotavirus showed different risk factors for the
three pathogens (47). For norovirus gastroenteritis, having
a household member with gastroenteritis, contact with a
person with gastroenteritis outside the household, and poor
food-handling hygiene were associated with illness (17, 56,
and 47% risk, respectively). For SLV gastroenteritis, con-
tact with a person with gastroenteritis outside the household
was associated with a higher risk of illness (60%). For ro-
tavirus gastroenteritis, contact with a person with gastro-
enteritis outside the household and poor food-handling hy-
giene were associated with a higher risk of illness (86 and
46%, respectively). The authors concluded that transmis-
sion of these viral pathogens occurs primarily person to
person, and for norovirus gastroenteritis, foodborne trans-
mission seems to play an important role. Unlike rotavirus
and SLV gastroenteritis, norovirus gastroenteritis is not lim-
ited to the youngest age groups, and de Wit et al. (47) stated
that this lack of specificity could explain why hygiene dur-
ing food preparation and having a household gastroenteritis
contact had a higher impact on norovirus gastroenteritis
than on SLV gastroenteritis. These authors also considered



2364 TODD ET AL.

that undetected asymptomatic rotavirus and SLV infections
may occur at older ages through these routes. Elderly in-
dividuals are prone to SLV infections for reasons similar to
those that account for such infections in infants (/12).

Astroviruses, which are less well studied than norovi-
rus and rotaviruses, have been associated with outbreaks of
acute gastrointestinal illness, mainly by person-to-person
spread, in daycare centers, military bases, maternal-care fa-
cilities, and hospital wards (/37). Glass et al. (70) reviewed
eight surveys of children’s stool specimens for astrovirus,
which was detected by enzyme immunoassay, and the prev-
alence ranged from 2.5 to 10% for those children with di-
arrhea compared with 0.7 to 2.4% for those without diar-
rhea (controls). Because enzyme immunoassays are less
sensitive than other methodologies such as real-time PCR,
the actual prevalence of infection is probably much higher.
In one study in a day-care center, all the children carried
the virus and remained excretors for many days, even
weeks, although they were asymptomatic. Children and im-
munocompromised individuals are most likely to be in-
fected, and astrovirus can be transmitted to adult family
members via sick children. Outbreaks have been associated
with consumption of oysters, food supplied by schools, and
drinking water; however, <1% of astrovirus infections are
considered foodborne (70). Adenovirus types 40 and 41 and
astroviruses also have been implicated in gastroenteritis, but
there are no known outbreaks associated with food workers
infected with SLV, adenoviruses, or astroviruses.

Clinical infections and outbreaks of hepatitis E have
been recorded predominantly in countries where the disease
is endemic, including eastern and central Asia, Mexico, and
parts of Africa (208). Hepatitis E virus (HEV) is the most
common cause of acute hepatitis in adults in parts of Asia
and Africa, where large outbreaks have been associated
with sewage-contaminated drinking water. Wild and do-
mestic animals may serve as a reservoir for HEV in en-
demic areas, causing human infection from water sources
polluted by animal wastes. HEV can be detected 2 weeks
before the onset of liver enzyme elevations, and shedding
ends when the enzyme level returns to normal, about a
month later (37). If food worker—associated outbreaks of
HEV infection were to occur, they would be in endemic
regions, but no such outbreaks have been documented.

The protozoan parasites Cryptosporidium parvum, Cy-
clospora cayetanensis, and Giardia lamblia (=Giardia in-
testinalis) all have very low infectious doses and have been
implicated in food worker—associated outbreaks, although
infrequently, at least in published reports. Persons at in-
creased risk for infection include those who (i) contact in-
fected wild and domestic animals, (ii) ingest contaminated
recreational (e.g., lake, river, pool, or hot tub) or drinking
water, (iii) have with close contacts with infected persons
(e.g., in the same family or household or in day-care set-
tings), or (iv) are infected with the human immunodeficien-
cy virus (28, 151). Cyclospora was isolated from 0.1 to
0.5% of stools in clinical laboratories in the United States
and England, respectively, mainly from people who had
recently traveled abroad (/57). Giardiasis can be contracted
from drinking recreational water contaminated either by
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sewage or by wild animals, but as for most protozoan par-
asites, person-to-person spread is also well documented
(79). In prisoner volunteer studies, one cyst did not infect
two healthy adults but 10 cysts did infect two additional
persons, as did higher numbers of cysts (/63). Diapering
of infected infants led to one outbreak of giardiasis in a
home and another in a day-care center (/94). Transmission
of various protozoan parasites is feasible via the fecal-oral
route because persons infected with Cryptosporidium have
been reported to shed 108 to 10° oocysts in a single bowel
movement, whereas those with giardiasis can shed =10°
cysts daily in stools (27). Therefore, risk factors for food
workers include travel to regions where these organisms are
endemic, contact with diarrheic children, and ingestion of
contaminated water and food. Other protozoan parasites
with the potential to infect food workers are Balantidium
coli, Dientamoeba fragilis, Entamoeba histolytica, Isospora
belli, and any of the >1,000 species of Microsporidia, but
it remains to be seen whether there will be any documented
foodborne outbreaks arising from these organisms through
contamination of the food supply by infected staff.

In Table 1, we categorized the likelihood of each of
the pathogens listed in published reports as implicated in
food worker—associated outbreaks. For those pathogens for
which outbreak information is available (80, 194, 195), we
listed such outbreaks as frequent, occasional, or rare and
whether they seem to be declining or increasing. For those
where we suspect there are situations where they could oc-
cur, especially in developing countries where reports are
less frequently published, we are more vague in our de-
scription, e.g., not known but probable, likely occasional in
endemic areas in developing countries, unknown but maybe
in developing countries, and rare in developed countries but
more frequent in developing countries. Over time and with
more investigative reports, we may see these outbreak fre-
quencies defined more specifically. However, this infor-
mation provides managers of food operations and local
food inspectors ideas about the most likely locations of con-
cern for pathogens being transmitted through food workers.

CARRIAGE AND SHEDDING OF PATHOGENS IN
ILL AND ASYMPTOMATIC INDIVIDUALS

Table 2 lists the incubation period, duration of illness,
carriage rates, length of postsymptomatic shedding, and rate
of pathogen excretion by asymptomatic individuals for
many enteric pathogens. Incubation periods range from
hours (e.g., S. aureus) to many weeks (e.g., HAV). The
longer the incubation period, the more likely infected per-
sons will excrete the pathogen. Also, the longer a food
worker or family member has gastrointestinal symptoms,
the more opportunities exist for fecal contamination in a
food preparation setting. When paid sick leave is limited or
not available, food handlers may work while ill without
reporting their condition to management or may deny mild
symptoms such as loose stools (/95). Gastroenteritis symp-
toms may last many days or even weeks or months, as in
cases of infection with Salmonella Typhi, Shigella spp.,
HAYV, HEV, and the protozoan parasites.

Postsymptomatic shedding may be of long duration for
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Campylobacter, Salmonella, Shigella, V. cholerae, Yersin-
ia, the enteric viruses and parasites. In a given population,
the pathogen carriage rates for those with diarrhea can
range from <1 to >70%, with certain populations more at
risk (typically young children and those living in tropical
developing countries) than others. However, some of the
long carriage periods may be due to reinfection in endemic
areas (/43). Chalker and Blaser (3/) reviewed the intestinal
carriage of nontyphoidal Salmonella in healthy populations,
which ranged from 0.0 to 1.35% (mean, 0.27%) in devel-
oped countries and 0.0 to 6.5% (mean, 1.5%) in developing
countries. However, the rate of carriage in food workers
was higher with a mean of 1.7% in developed countries (up
to 18.7% in one study) and a mean of 6.2% in developing
countries (up to 10.3% in another study). These authors also
estimated that the average duration of Salmonella excretion
in convalescing patients was about 5 weeks. This estimate
was based on the work of Buchwald and Blaser (2/), who
found that >50% of convalescent patients stopped excret-
ing in less than 5 weeks, but a few continued to excrete for
up to 12 months (both convalescing and apparently asymp-
tomatic persons). Of 151,452 workers studied in public ser-
vice and food production in Shenzhen, Guangdong, China,
in 2003, 455 (0.30%) were positive for Salmonella and 210
(0.14%) were positive for Shigella spp. (118). These rates
were lower for both pathogens than the rates obtained in a
study conducted in 1998 (0.49 and 0.37%, respectively),
indicating improvement in hygienic practices in the inter-
vening years. Individuals may become infected with E. his-
tolytica when hand washing is not properly practiced during
food service operations, but outbreaks of disease associated
with this protozoan have not been recorded.

In specific studies, pathogens with the highest preva-
lences in diarrheic populations were Campylobacter (31%)
in South African children, ETEC (22%) in Korean children,
EPEC (20.7%) in Mumbai, V. cholerae (33%) in Mumbai,
norovirus (16.1%) in individuals with gastrointestinal dis-
ease in The Netherlands, and Entamoeba (70.3%) and Giar-
dia (up to 33.3%) in Mexican children (Table 2). In gastro-
intestinal outbreak settings, the average patient-positive rate
for norovirus was 34% (221 of 647) when patients were
tested by a nested reverse transcriptase PCR method com-
pared with 0.4% (2 of 532) control fecal specimens from
non-outbreak hospitalized patients (/49). However, these
two control patients were repeatedly positive. In a large
survey of infectious intestinal disease cases in England,
Tompkins et al. (/96) found that 6.5 to 7.0% of cases and
0.1 to 0.5% of controls had Norwalk-like viruses in their
stools, as determined by electron microscopy. As method-
ology improved, so did the prevalence rate. In The Neth-
erlands, de Wit et al. (46) found that norovirus was detected
by reverse transcriptase PCR in 16.1% of individuals with
gastrointestinal disease and in 5.2% of healthy individuals.
Svraka et al. (188) reviewed the etiological role of viruses
in 941 gastroenteritis outbreaks in The Netherlands from
1994 to 2005. Noroviruses were detected as the causative
agent in 735 (78.1%) of the outbreaks, and rotaviruses, ad-
enoviruses, and astroviruses were responsible for 46
(4.9%), 9 (1.0%), and 5 (0.5%) of the outbreaks, respec-
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tively. Foodborne transmission was associated with 6.6%
of the norovirus infection outbreaks and occurred in food
service settings in >8.2% of these outbreaks.

In Calcutta, 37.3% of those individuals with diarrhea
had typhoid fever symptoms, and Shigella spp. were found
in 52% of cases in Bangkok in which the affected individ-
ual presented with mucoid or bloody diarrhea (Table 2). In
contrast, the prevalence of E. coli O157:H7 and Y. enter-
ocolitica in gastrointestinal cases is typically <1 and 1 to
2%, respectively. However, in England in a very large case-
control study, the low prevalence of Yersinia spp. was equal
in healthy and ill persons (/96), but this information may
be incomplete because many Yersinia strains are nonpatho-
genic. VTEC and Shiga toxin—producing E. coli has been
found in 8.6% of children with diarrhea in Mexico City and
6% of individuals with diarrhea (50% of the affected chil-
dren) in Seoul. A very large range in rotavirus prevalence
was found in gastrointestinal cases, from 0.2% in England
to 82.4% (children) in Melbourne. Military personnel in
Israel experienced gastrointestinal discomfort caused by
several types of infections, but many soldiers remained on
duty; 15 to 32% of the soldiers were infected with ETEC,
up to 20% were infected with Shigella, and 16% were in-
fected with Giardia (35). Cryptosporidium infection in Iran
is related to the health status of the individual and ranges
from 4 to 7% for healthy persons to 50% for those who
were immunodeficient. Postsymptomatic shedding can last
for many days or weeks for Campylobacter, E. coli O157,
Salmonella, Shigella, Yersinia, HAV, Cryptosporidium,
Entamoeba, and Giardia, and shedding lasts the longest in
children (7/75). Protozoan parasites remain viable in the
bowel for extended periods; after cessation of diarrhea,
Cryptosporidium oocysts can be excreted for up to 50 days,
and Giardia oocysts can be excreted even longer (27). Sal-
monella may be present equally in diarrheal and apparently
healthy persons, and people with close contact with index
cases can have a high carriage rate without any symptoms
(96), all of which is a concern for food worker carriage and
transmission. Apparently recovered individuals with non-
typhoid Salmonella enterocolitis may relapse 3 weeks later,
depending on disruption of antibiotic regimes or inappro-
priate treatment (/44). Some lengthy carriage times for
pathogens such as V. cholerae may be attributable to re-
infection in endemic regions (200), perpetuating a low level
of infection in a community. Johnstone and Iverson (97)
reported carriage rates for E. histolytica in food workers
ranging from 1.2 to 15% in the United States. This rate was
even higher in Leningrad (now St. Petersburg, Russia), with
arate of >22%. Travel abroad and familial spread in house-
holds were at least some of the sources of infection for food
workers. However, these studies were conducted many de-
cades ago, and the rates are unlikely to be as high today in
U.S. food establishments. However, these results can be
used as indications of levels likely to be encountered in
regions with poor hygiene.

Asymptomatic cases may originate during outbreaks,
as demonstrated during an E. coli O157 infection episode
where 14% of the individuals excreted the organism for up
to 39 days after cessation of symptoms and during a yer-
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siniosis outbreak in a Belgium day-care center in which
81% of the children were asymptomatic (Table 2). Most of
the high rates were in young children under poor hygienic
conditions, but high rates also were found in closed com-
munities such as military bases. The risk of foodborne con-
tamination is less where certain enteric pathogens are more
prevalent in infants and young children and adults develop
immunity. However, in some situations children have in-
fected parents who in turn contaminated food. Of particular
concern is Salmonella, which was isolated from the stools
of 16% of food workers with diarrhea in Kenya and 10%
of asymptomatic food workers in Thailand (153, 179). In
the United States, Buchwald and Blaser (27) estimated that
200,000 individuals may be excreting Salmonella at any
one time and many of these excretors would be food work-
ers.

S. aureus and beta-hemolytic streptococci are unique
among the pathogens transmitted by food workers because
they can asymptomatically colonize the nasopharynx and
throat for extended periods or indefinitely in high concen-
trations and can be regularly transferred to hands and arms
though hand-to-face contact. Wounds on the skin also may
be infected, providing a supplemental source of contami-
nation. In a review of 131 staphylococcal disease outbreaks
in the United States between 1977 and 1981, Holmberg and
Blake (89) found that 67% of the apparently healthy food
workers harbored the same phage type of Staphylococcus
as found in the implicated food. Katzenell et al. (101) re-
viewed 18 outbreaks, and 15 of them had links to infected
food handlers or their children who had pharangitis. Most
of the foods were RTE cold items, including cabbage,
chicken, egg, potato and tuna salads, mousse with cream,
and rice souse.

In a Chilean study, 34% of 102 food workers from 19
restaurants in Santiago were colonized with S. aureus, and
54% of the strains were enterotoxigenic, mostly producing
type A toxin (55); 19 of the 102 workers had the potential
to contaminate RTE food and cause patron illnesses, es-
pecially in facilities where up to 75% of the workers were
colonized. These carriage rates are very similar to those in
a U.S. national survey conducted in 2001 and 2002 (109)
(Table 2). Other pathogens with relatively high asymptom-
atic fecal carriage rates include V. cholerae (4% in those
exposed to high risk activities), norovirus (5.2% in the gen-
eral population in The Netherlands), rotavirus (>20% in
Mexico City [both children and adults] and up to 27% of
neonates in Paris), Cryptosporidium (up to 76% of persons
in Peru and Venezuela), Cyclospora (up to 94% of the pop-
ulation in Peru and Haiti), Giardia (23% of Bedouin chil-
dren in Israel), and Entamoeba and Giardia (43.7 and
20.0% of children in Mexico City, respectively). All these
pathogens demonstrate the potential for person-to-person
and person-to-environment transmission where food and in-
fected food workers may play a role during an outbreak.

Healthy individuals may be continually exposed to in-
fected workers in food production and preparation opera-
tions because these workers may stay at work over many
days. Thomas et al. (/92) found that employees who
worked in what was termed high-risk settings in both rural
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and urban settings in British Columbia (where workers” du-
ties increase the likelihood of transmission of gastrointes-
tinal disease to others) were 1.4 times more likely to dis-
continue working while ill (7 of 14 food workers, O of 2
day-care workers, and 5 of 22 health care workers) than
were ill employees (92 of 185) in perceived low-risk set-
tings. The period off work ranged from 0.5 to 12 days, with
a median of 1 day. However, 50% of workers in this study
did not take time off, including two workers who returned
to work while still experiencing symptoms. Reasons given
for staying at work were health condition not serious
enough to stay home, unable to afford to take time off
work, and employer depends on them or there was no one
who could cover for them. These findings agree with the
conclusions of Aronsson et al. (5), who found that one-third
of the persons in a Swedish survey reported that they had
gone to work two or more times during the preceding year
despite thinking they should have taken sick leave. The
areas where people reported to work most consistently
when ill were in the care and education sectors (nursing
and midwifery professionals, registered nurses, nursing
home aides, compulsory school teachers, and preschool or
primary educators), which had faced personnel cutbacks at
the time. If employees return to work too soon or continue
to work while ill, other employees and patrons are at a
greater risk of illness, as illustrated by an outbreak of viral
gastroenteritis in a nursing home (168).

Stewart et al. (182, 183) found that sickness presentee-
ism accounted for four times more lost productive time than
absenteeism. Presenteeism is defined as lost productivity
that occurs when employees come to work but perform be-
low the normal output because of some kind of illness.
When workers come to work sick, they perform below par
and can infect others, which can contribute to further ab-
senteeism and/or presenteeism (/77). Although the costs
associated with employee absenteeism have long been stud-
ied, the costs of presenteeism have yet to be fully evaluated.
Levin-Epstein (/17) noted that nearly 40% of employers
surveyed in 2004 reported that presenteeism was a problem
in their organizations. In other studies, researchers deter-
mined that paid sick leave policies reduced the rate of con-
tagious infections in the workplace by isolating sick work-
ers at home, failure to take time off to regain one’s health
actually led to longer absences because health worsened,
and as an illness spread within the workplace additional
workers were affected, raising the total employee absence
time. These general workforce conclusions are particularly
applicable to the food industry, where patrons and fellow
workers are exposed to pathogens and paid sick leave is a
rarity for employees.

CONCLUSION

The lowest pathogen doses causing infection in food
workers and others varies by organism and can be strain
dependent. Other factors affecting the infectious dose are
the effectiveness of the stomach acid barrier, which may be
compromised with certain preexisting medical conditions
and acid lowering medicines, and the protective effects of
certain types of foods (e.g., those with high fat content).
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Data from volunteer studies and outbreak investigations of-
ten are inconsistent (Table 1). Viral pathogens, predomi-
nantly norovirus, caused 33% of outbreaks and 41% of cas-
es of foodborne disease in the United States from 1998 to
2002 (66). Mead et al. (128) estimated that annually in the
United States 9,200,000 norovirus, 3,900 rotavirus, 3,900
astrovirus, and 4,170 HAV infections occur as a result of
consumption of contaminated food. These outbreaks con-
tinue to occur, as illustrated by the fact that approximately
1,500 restaurant patrons became ill after dining at three
restaurants in 2006 in Syracuse, New York, Lansing, Mich-
igan, and Indianapolis, Indiana (29, 77, 169, 170). In a
Michigan outbreak, at least 364 people became ill with gas-
troenteritis after dining at a restaurant where employees had
reported to work while ill. Also in 2006, Michigan health
authorities received 144 reports of suspected or confirmed
norovirus outbreaks, compared with 34 in 2005 (29). The
strain of circulating norovirus in an area may be a major
determinant of outbreak occurrence. Of the five genogroups
of norovirus, genogroup II is the predominant human strain
in most communities (33, 119, 157). The DNA viral load
of genogroup II is >100-fold higher than that of genogroup
I in fecal specimens of patients with norovirus-associated
gastroenteritis (33). This increased cDNA (a double-strand-
ed DNA version of an mRNA molecule) viral load may
account for the higher transmissibility of genogroup II
strains through the fecal-oral route. In 2006 in Michigan,
norovirus genogroup II was identified in 97% of the 89
confirmed outbreaks, and genogroup I was identified in the
remaining 3% of the outbreaks. From 2000 to 2004, the
predominant genogroup found in calicivirus outbreaks in
the United States was genogroup II (79%) followed by gen-
ogroup I (19%) and sapovirus (2%) (15).

Although norovirus outbreaks are increasing, the op-
posite is true for streptococcal and staphylococcal episodes,
which are less frequently reported currently than in previ-
ous decades (80, 194, 195). We are not aware of data dem-
onstrating a decrease in the carriage level of these two path-
ogens in food workers (109), so the risk of food contami-
nation remains. However, it is unclear whether the fewer
reported outbreaks are due to better hygienic practices, bet-
ter refrigeration of food, less effort directed toward identi-
fying these pathogens during outbreaks, or a combination
of factors. Although there may be reduced testing for these
two pathogens, it is more likely there are fewer complaints
because of the short incubation times during local out-
breaks, which can occur at wedding receptions or family
gatherings. The most logical explanation is that better at-
tention to personal hygiene among food workers reduces
contamination as does the use of gloves or other utensils
and the installation of sneeze guards and other barriers to
contamination. One of the successes in reduction of out-
breaks is the improvement in proper cooling procedures
limiting pathogen growth in RTE food, especially foods
such as potato salad or sliced ham or roast beef, where bare
hand contact may have occurred. Cooling procedures are
now explicitly targeted in many jurisdictions. Recently,
state and federal food regulations (197) give specific in-
structions for rapidly cooling potentially hazardous food
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susceptible to temperature abuse (placing food in shallow
pans, stirring food in a container on an ice bath, inserting
ice sticks into the food, adding ice as an ingredient, using
rapid cooling equipment, allowing loosely covered or un-
covered foods in pans in a cooler if protected from over-
head contamination, and use of prechilled ingredients).

Communication between food service managers and
employees is vital. Information about the risks of pathogen
infection and transmission must be provided to all employ-
ees (197). If a worker displays symptoms of an enteric in-
fection, the manager should be informed and allowed to
make a decision concerning when the employee should be
sent home and when the employee should return to work.
Unfortunately, only about 15% of food service workers
have paid sick days, and the risk of excreting norovirus
particles extends to weeks after symptoms cease (62). In-
deed, the postsymptomatic excretion time for many enteric
pathogens can be long, which poses a problem for man-
agers and health authorities as they attempt to set reason-
able policies. Because a large proportion of infected work-
ers may be asymptomatic but still have millions of infec-
tious organisms in their stools, the only solution is proper
hygiene and creation of barriers against pathogen transmis-
sion to foods. Although hand washing does not eradicate
the risk of transmission of illness to fellow workers and
patrons, it will reduce the number of viral particles or bac-
terial cells on hands and in the food preparation environ-
ment, whether the infected workers go home or stay at
work. The sources of pathogen contamination and how
pathogens are excreted from infected persons is the topic
of the next article in this series of food worker—associated
outbreaks and their prevention.
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