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Abstract

Lyme disease (LD), caused by bacteria of the Borrelia burgdorferi sensu lato species com-
plex, is the most common vector-borne disease in North America and Europe. A systematic
review (SR) was conducted to summarize the global literature on adverse birth outcomes
associated with gestational LD in humans. The SR followed an a priori protocol of pretested
screening, risk of bias, and data extraction forms. Data were summarized descriptively and
random effects meta-analysis (MA) was used where appropriate. The SR identified 45 rele-
vant studies, 29 describing 59 cases reported as gestational LD in the United States,
Europe, and Asia (1969—2017). Adverse birth outcomes included spontaneous miscarriage
or fetal death (n = 12), newborn death (n = 8), and newborns with an abnormal outcome
(e.g. hyperbilirubinemia, respiratory distress and syndactyly) at birth (n = 16). Only one
report provided a full case description (clinical manifestations in the mother, negative out-
come for the child, and laboratory detection of B. burgdorferiin the child) that provides some
evidence for vertical transmission of B. burgdorferithat has negative consequences for the
fetus. The results of 17 epidemiological studies are included in this SR. Prevalence of
adverse birth outcomes in an exposed population (defined by the authors as: gestational
LD, history of LD, tick bites or residence in an endemic area) was compared to that in an
unexposed population in eight studies and no difference was reported. A meta-analysis of
nine studies showed significantly fewer adverse birth outcomes in women reported to

have been treated for gestational LD (11%, 95%CI 7—16) compared to those who were not
treated during pregnancy (50%, 95%CI 30-70) providing indirect evidence of an association
between gestational LD and adverse birth outcomes. Other risk factors investigated; trimes-
ter of exposure, length of LD during pregnancy, acute vs. disseminated LD at diagnosis, and
symptomatic LD vs. seropositive women with no LD symptoms during pregnancy were not
significantly associated with adverse birth outcomes. This SR summarizes evidence from
case studies that provide some limited evidence for transplacental transmission of B. burg-
dorferi. There was inconsistent evidence for adverse birth outcomes of gestational LD in the
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epidemiological research, and uncommon adverse outcomes for the fetus may occur as a
consequence of gestational LD. The global evidence does not fully characterize the poten-
tial impact of gestational LD, and future research that addresses the knowledge gaps may
change the findings in this SR. Given the current evidence; prompt diagnosis and treatment
of LD during pregnancy is recommended.

Introduction

Lyme disease (LD), the most common tick-borne disease in North America and Europe is
caused by spirochetal bacteria of the Borrelia burgdorferi sensu lato species complex (also
called Borreliella, but referred to herein as B. burgdorferi) [1]. The most commonly implicated
B. burgdorferi species in human infections include B. burgdorferi sensu stricto in both North
America and Europe and, B. afzelii and B. garinii in Europe and Asia [2]. Lyme disease was
first recognized in North America in 1975 in the area of Lyme, Connecticut, as a result of an
investigation into 51 cases (39 of which were children) that presented with a similar form of
arthritis [3]. Early symptoms of infection include a characteristic rash (erythema-migrans,
EM)), fever, headache, and lethargy. If untreated, the disease may affect the heart, nervous sys-
tem or manifest as arthritis.

Shortly after its discovery in 1975, the possible effects of gestational LD became an area of
research interest given that transplacental infections by other species of spirochetes (e.g. Trepo-
nema pallidum; relapsing fever Borrelia species and Leptospira interrogans) are known to
occur in several animal species (e.g. dogs, mice, cattle) and in humans [4-8]. The literature on
transplacental transmission of B. burgdorferi in animals is outside the scope of this systematic
review (SR). However, some adverse birth outcomes have been recorded for white-footed
mice, dogs, cattle, horses, and a coyote. The most common outcomes were reproductive failure
(inability to conceive) and fetal loss during pregnancy [9-16]. Animal model experiments
identified B. burgdorferi infection in newborn beagles, indicating that transplacental transmis-
sion may occur; however, experiments involving rats, hamsters, and mice have not demon-
strated this route of transmission for these species [13,17-19]. Overall, there is some evidence
that B. burgdorferi infection in pregnant animals can result in infection of the newborn, fetal
death, and fertility issues [10,12,13].

Given the public health importance of LD and our understanding of other spirochetal dis-
eases, a SR was conducted to identify and summarize the global evidence on “What is the evi-
dence that gestational Lyme disease in humans causes adverse birth outcomes including
congenital abnormalities?”

Methods

Review protocol, team and expertise

This SR was conducted using an a priori developed protocol that followed standard SR guide-
lines [20,21] and the review is reported in accordance with the preferred reporting items for
systematic reviews and meta-analysis (PRISMA) statement (S1 Table) [22]. The protocol
includes a list of definitions, search algorithms, title/abstract screening form, Risk of Bias tool,
and data extraction forms (QA-DE). The protocol (S1 Text), list of relevant included articles
(52 Text) and dataset (S2 Table) are available in the supplementary material.
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The review team comprised of individuals with multi-disciplinary expertise in epidemiol-
ogy, microbiology, entomology, vector-borne diseases, veterinary public health, knowledge
synthesis, and information science.

Search strategy

A pretested search algorithm, found below, was implemented in three bibliographic databases
on October 16, 2017: Scopus, PubMed/MEDLINE, and Embase. No limits were placed on the
search. The search terms were:

((lyme or borrelia or borreliosis) and (pregnancy or pregnant or maternal or fetus or foetus
or newborn or congenital))

The capacity of the electronic search to identify all relevant primary research was verified
by hand searching reference lists of three book chapters published between 1995 and 2011
[6,23,24] and three randomly chosen review articles from a list of topic relevant reviews identi-
fied during title/abstract screening [25-27]. This process netted 13 citations, conference pro-
ceedings, and non-indexed papers that were added to the SR. When omitted citations were no
longer being identified the process was stopped. Hand searching of the following websites did
not yield additional references:

o Centers for Disease Control and Prevention (CDC) https://www.cdc.gov/
o European Center for Disease Control and Prevention (ECDC) https://ecdc.europa.eu

o Public Health Agency of Canada https://www.canada.ca/en/public-health.html

Relevance screening and inclusion criteria

References identified by the search were screened for relevance to the review question using a
structured and pre-tested form (S1 Text). Those considered relevant to the review question
were procured and relevance was confirmed using another pre-tested form implemented prior
to proceeding to the risk of bias evaluation. Primary research on humans with gestational LD
and any birth outcome (e.g. healthy infants, pregnancy loss, fetal and newborn abnormalities,
adverse outcomes or death) were considered relevant to the research question. Chronic Lyme
disease was considered to be outside the scope of this review [28]. Global research in any lan-
guage was included in this SR to minimise language bias. Primary research was defined as orig-
inal research where authors generated and reported their own data.

Risk of bias, GRADE and data extraction

Assessment of the risk of bias (RoB) of research relevant to the review question was executed
using the whole publication and applying a direct modification of the RoB and Grading of Rec-
ommendations Assessment, Development and Evaluation (GRADE) criteria endorsed by the
Cochrane collaboration [20,29,30]. The RoB assessment evaluates the internal validity of each
study using eight criteria from which the reviewers determine an overall RoB (low, unclear, or
high) for each outcome. This informs one of the five GRADE criteria [31]. The data extraction
form captures pertinent information and results required for summarization and meta-analy-
sis. Two reviewers (LW and JG) independently assessed the RoB and extracted data on each
article.
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A GRADE assessment was conducted for each relevant outcome where an outcome is a
result from a study; the same outcome may be measured in different studies and as part of the
systematic review, outcomes that are alike are grouped together and evaluated as follows. In
addition to RoB the other criteria include study design, agreement between studies, precision
of results, and evidence of a biological gradient for each outcome. This review included
research from any study design; however the less controlled the study, the higher the risk of
systematic biases that can result in the study findings deviating from the truth. The GRADE
framework prescribes a gradually lower GRADE as the risk of bias increases [32]. This means
that randomized controlled trials and well-designed cohort studies could be graded moderate/
high (*** or ****), whereas case control studies and cross sectional studies are likely to be
graded as low (**) and case reports and expert opinion receive a very low grade (*). Across
each outcome/study design pair, groups of similar studies would be evaluated for overall RoB,
agreement, precision and evidence of a biological gradient, which could result in up-grading
(or down-grading) the level of confidence in the evidence for that outcome [32,33].

The final GRADE is assessed considering all five GRADE criteria for each unique outcome
to indicate the level of confidence in the evidence [30]. The one to four star grading system
indicates: **** high confidence that the effect estimate is close to the true effect; *** moderate
confidence in the effect estimate, but future studies may be substantially different; ** limited
confidence in the effect estimate, the true effect may be substantially different; * very little con-
fidence in the effect estimate, the true effect is likely to be substantially different [32-34].

Systematic review management and analysis

Search results were imported into reference management software (Endnote X7, Thomson
Reuters, USA), duplicates were removed and the list of unique citations was imported into a
web-based electronic SR management platform (DistillerSR, Evidence Partners, Ottawa, Can-
ada). All stages of the SR were conducted within this software and collected data were exported
into Excel spreadsheets (Microsoft Corporation, Redmond, WA), organised (sub grouped by
common exposure and outcome) and summarized (frequencies and percentages).

Post-hoc calculations such as computing unadjusted odds ratios (OR) from contingency
table data were done, where necessary, to ensure comparability of the data. Whenever studies
reported both unadjusted and adjusted OR measures, the adjusted measure was selected for
inclusion in the tables and/or meta-analysis model [20].

Random-effects meta-analysis using the Der Simonian and Laird method was conducted
for each unique group of studies if sufficient data were available (ie: if there were >2 studies,
and the studies were comparable) [35]. For meta-analysis of proportions, the Freeman-Tukey
double arcsine transformation was used to stabilize the variances [36]. Heterogeneity was mea-
sured using I%, which indicates the proportion of variation in the measures of association
across studies due to heterogeneity rather than sampling error [37]. It was not possible to test
for publication bias due to a limited number of studies (<10) in any subgroup [38].

Results

Forty-five relevant primary research studies were identified after screening 746 unique cita-
tions and 67 full papers (Fig 1). Thirty-five of these papers were published in English, two in
Czech, two in Serbian and one each in French, Italian, Dutch, German, Russian, and Polish.
Despite efforts to minimise bias by including all available research, we were unable to procure
two potentially relevant articles [39,40].

The literature on adverse birth outcomes associated with gestational LD is based on
case reports and case series (n = 26), case series with epidemiological data (n = 4), and
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Fig 1. The flow of citations and research papers through the systematic review process.

https://doi.org/10.1371/journal.pone.0207067.9001

epidemiological studies (n = 15) (Fig 1). The case report and case series studies reported
detailed information on one or more cases of gestational LD and the pregnancy and/or birth
outcomes of the case. The case series with epidemiological data provided information on a
group of gestational LD cases and associations between possible risk factors (e.g. untreated vs.
treated LD) and the risk of an adverse birth outcome. The cohort, cross-sectional, and case
control studies investigated possible differences in the frequency of adverse outcomes between
an exposed and unexposed control group. Case studies captured in this review were published
between 1985 and 2017, whereas the epidemiological studies were published between 1986
and 2011 (Fig 2). Across studies, exposure was defined as: evidence of clinical manifestations
of LD during pregnancy, serological evidence of LD during pregnancy or surrogate measures
of exposure to LD (e.g. history of tick bites or living in a geographic area considered endemic
for LD).
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Fig 2. The distribution of publication dates of 45 primary research publications relevant to the impact of gestational Lyme disease included in this systematic
review grouped by studies that had epidemiological data or case report data.

https://doi.org/10.1371/journal.pone.0207067.9002

Each study was evaluated for its RoB, which evaluates how well the study was conducted.
Many criteria for RoB assessment do not apply to case reports, thus case report assessment
focused on complete reporting. There were 26 case reports or case series included in this SR
and three had an “unclear” RoB designation because the diagnostic tests performed or out-
comes were not reported in sufficient detail (Table 1). The RoB for 19 epidemiological studies
was 42% low, 42% unclear and 16% high (Table 1). Studies with an “unclear” RoB had one or
more criteria that could not be assessed because the required information was not reported
including: i) missing information on the blinding of patients and/or outcome assessors, or ii)
unexplained loss to follow-up or loss of observations. “High” RoB studies had several flaws in
the research process that may bias the results including failure to account for, or examine,
important confounders or other biases. Insufficient information to assess RoB criteria is likely
a reporting issue in many papers but results in an “unclear” or “high” RoB classification
depending on the cumulative deficiencies of the study. The RoB evaluation for each study is
available in S2 Table.

Case reports of gestational Lyme disease

Details of 59 cases were summarized in 29 publications from the USA, Europe, and Asia
describing gestational LD and pregnancy outcomes between 1969 and 2017, Table 2. These
case reports and case series received a GRADE of *, indicating that future evidence may be
inconsistent with the conclusions of these studies. Across 59 cases, negative outcomes for the
fetus or newborn occurred in 36 (61%) pregnancies. Negative outcomes ranged from sponta-
neous miscarriage (termination of pregnancy prior to when the fetus is considered viable,
approximately 28weeks) (n = 10), fetal death and stillbirth after 28 weeks (n = 2) and death
shortly following birth (n = 8, four were premature, born before 36 weeks gestation), to a
range of congenital abnormalities and health issues (n = 16) including hyperbilirubinemia,
respiratory distress, syndactyly, and ureter and heart abnormalities, Table 2. For six infants, a
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Table 1. General characteristics of 45 included primary research publications.

Category Count
Continent’
North America 19
Europe 24
Asia 3
Outcomes Reported'
Maternal outcome 37
Miscarriage/ pregnancy loss 13
Fetal outcome 8
Newborn outcome 35
Infant/child outcomes 5
Study design Risk of Bias (RoB) Assessment
Case study/ case series 26
Low RoB 23
Unclear RoB 3
Case series > 4
Low RoB 1
Unclear RoB 2
High RoB 1
Case control 2
Low RoB 1
Unclear RoB 1
Cross sectional 4
Low RoB 2
Unclear RoB 2
Cohort 9
Low RoB 4
Unclear RoB 3
High RoB 2

! Total number sums to >45 as studies can fall into more than one category.
% Case series with epidemiological data.

https://doi.org/10.1371/journal.pone.0207067.t001

wide range of long term conditions were reported [41-45], Table 2. Healthy children (includ-
ing one set of twins) were born in 23 pregnancies from mothers who had clinical manifesta-
tions (n = 10), serological evidence (n = 3) or both (n = 10) consistent with LD.

Laboratory testing of the newborn or fetus was not reported in 28 cases, Table 3, and
for these the possible role of LD was determined by evidence in the mother (clinical manifesta-
tions [n = 13], diagnostic test results [n = 3], or both [n = 10]), while for 2 cases the only
evidence of infection was identification of spirochetes in the placenta reported to be B. burg-
dorferi, Table 2. The newborn and fetus cases with laboratory evidence of infection (n = 31),
included serological test results (n = 13) of which only two were considered positive and one
was borderline, Table 3. Fetal or newborn tissue samples (n = 19) were examined and B. burg-
dorferi was identified in 17 cases using staining, indirect immunofluorescence (IF), or PCR to
confirm the presence of B. burgdorferi. Not all tests used in the studies are considered reliable;
those considered reliable include PCR with specific primers, IF using specific antibodies, and
culture when it is confirmed by IF or PCR (n = 12) [69-71]. Direct microscopic detection
(n =7) of B. burgdorferi (using bacteria staining and dark field microscopy) is generally
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https://doi.org/10.1371/journal.pone.0207067.t001
https://doi.org/10.1371/journal.pone.0207067

Gestational Lyme disease SR

PLOS |0

@)

(ponuuon)

Aoupry [e39) woy
Pa1e[OST LiafiopSing g "Yreap [e19]

-OHI
‘+H-MSd

AN

cl

ON

umowyun

ST

9861

NI0X MAN.

[67]

‘wnyredysod pajsa) 1ooy
‘ureiq
ur punoy sajaypords “yieap [e3o]

-S

SUON

LT

ON

umowyun

e

9861

NI0X MON

[67]

“10JSDUILY) € PUE 7 UI Pa)Sa) JOYION
uroqmau Ayieay

“SM

-S

JAE!

jicscl]

Sax

pul

€C

9861

IO X MAN

[67]

*AIDAT[2D 1€ P2)$I) IDYIOTN

'xg pajean pue Aoueudard Surmp xg
1 paxmboe aaey 0y sreadde 1ay10A
uroqmau Ayresq

+SM
+H-SE

“VSITd
“vdl

“VSITH -Vdl

Wd

wdy

Sax

8T

9861

NI0X MIN

[67]

"PaIaA0IAI
PUE SON0IQTIUE YIIM PIJLII) ‘SSATSIP
Aroyeridsar padofasap ur0qMaN

+SM

AN

)

ON

umowyun

61

9861

NI0X MAN.

[67]

"PaTaA0daI
Pue $ONOIqIIUE YIIM P3IBAI) ‘SSANSIP
A1ojendsar padofaasp urogmaN

+SM

AN

LE

ON

umowyun

9t

S861

NI0X MON

[67]

‘wnyredisod pajsal ylo

‘pajou EOﬁNEENﬁE onssn wO

NPT “I2AI[ WOy $3)apoards parnyny
‘eyuade[d pue 1eay ‘ureiq qeusipe
“IOAT] OY) UI LiafiopSing g pamoys
Adodsoxorwr ppay yIe( ‘uIoq[us

+YIN
s
41 “+dd

+VIN
+1a

HVSITA “+VAI

AN

)

ON

sasl

14

S861

NI0X MAN.

[15-6¥]

*ansst) [e39] ur syuswey [ejayooads
*SANUI (¢ I8 PAIP UIOGMIN

JuON

U4

ON

umowyun

133

661

NI0X MIN.

[67]

“anssy 233}

ut sajaydo1ds “apa00] afwoSuruour
pue ‘epyiq eurds 9ooyqnpd
“oppooreyduo ‘snjeydadorpAy 92950p
[edos remornuaa a8re] :sarewoue
S[dnnA 'SINOY § 18 PAIp UIOqMAN

+OHI

UON

6¢

ON

umowyun

ST

861

IO X MAN

[67]

ueudaid sj2aMm £z 18 Palsa) IYION
uroqmau Ayieay

+D3] “+INSI 1

JLE!

o)

SoK

pul

AN

1661

Aas1a[ MON

[87]

"UMOWD{UN ST J$3) S TaYjow Jo Jurwry,
-Burureys

£q aantsod 1reay pue ureiq ‘urerq woij
pammnd ‘(3pqeuonsanb nafiopding
'q) d1e[ost o1 pueys| SuoT [eurdiio
ay) 0 xeqruats pareadde ajaydoxdg
"SISOQUIOIY] JTIOE [eUTWOpqe

pue uonounysAp [erpresofw
SISOPIOE dT[0qeaW ‘UoIsualIadAy
orura)sAs ‘sisouesd reraydirag

YIM sKep g 18 PIIP UIOqMIN

+a1mymnd
“4SM

“VSI'Td

urd)

ON

AN

AN

L861

eruIozeD

[£7]

‘[o20301d ueadong Sursn jueudord
syeam T¢ "xoxdde je paysa) 1oyIoN
+ 1 “+VdI :A[uo W8T 10n-¢

sutm) Aqieay

-40d

-INSBI
031§

o NI 21T

dd

W)

EE)N

s pul

e

L661

(Aueurran
ur pajeany)
sesueyIy

[97]

Auo ysn- eoMPWIY YlI0N

*3seasIp WA Jo Juade oy Jsurefe
sarpoqnue Jo $333Yd0oirds 10 Liaf10pSing *g JO UOTIIIIP 1IIIIP 10 SINSII J$3) PUE ISBISIP SWAT [euonye)sad ym pasouderp sprodaa ased gs woay sowodno Loueudad jo Lrewruing -z s[qe,

8/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0207067 November 12, 2018


https://doi.org/10.1371/journal.pone.0207067

Gestational Lyme disease SR

PLOS |0

@)

(panunuoD)
queuSad syoom 97 Je pajsa) JYION paymads
wroqmau Ayyesy +VSITd Wd |52 ok pul | 1€ | 10T 1ou-ysn [e5]
erwauIqnuiqradAy pue
ysel Ie[nOISaA ‘[eryda)ad ‘pazijerousd DN paymads
® 10§ 3d20X2 uI0qMIU AYI[RI] WH wd) ON p€ | TE | 9861 10U -y [¥7]
“1ea4 1 Je Pa)sa) Jueyuy
*Ae[op reyuawdofaasp pue
SSOUPUI[Q [21)10D Y)IM pasouSerp sem paymads
PIIYO SYIUOW § JY "UI0qMau A(I[ed] -S WA wLiay SaX pul | 1€ | 9861 jou-ysn [¥¥]
paymads
Athyoepuss 105 3daoxa uroqmau Ayifesy AV ‘WA w1} Sax pul 0€ | (9861 jou -ysn [#%]
*PaIA0DI paymads
‘erwauIqnIIqIadAy YIm uI0qMIN gV ‘dd 9¢ oN Wl | 7€ | 9861 10U -ySN [#¥]
jueugoxd
$99M 9T PUE g Je P3)SA) JYIOTA -ammd | -aImymnd paymads
“eap [ea] -dI A1 +S | AV Wd 0z saxX WL ¥E | 9861 jou -ysn [7%]
‘umyredisod pajsal ayloy
‘sanssy

aantsod a)apoards ur voneuwrweu
ON "MOLIBUI 2UOQ PUE SIqN}

Teuar ‘usafds ur punoj ‘wafiopding

g m squeduwrod A[resrojoydiour
‘sa)apouids ‘uonewIojew

xarduroo jreay 139 onsedodLy
[e)U28U0)) "SIOY 6¢ JE PAAP UIOGMIN +d +031 VI | ¥V WA S€ ON sl 8C | ¥861 UISuodIst\ [z<]
ueuSard syoom ¢ e paisa) JYION
+D31/+INBT dM “+VSITH 120-7
‘(yudunjean jo punox T 1a)5e) wnjred
-150d +Dd pmy [era0uAs s IaqI0N “ND -INSL +D31
u10qmau AyireaH “SM | +D8IS +I0d N8I, 1o1-T qv |42 saxX o€ | TH | LL00T 10X MON [22]

*PaqLIdSap Jou

aNSST) FANISOJ "Pa3daldp 12959 [eados
TenoLnudARIIUT 95IE] YYD [0 +d41 av ST ON | umowyun | /g | 6861 SHOX MON [67]
‘unyredisod pajsal aylo

“eyuaoed pue I9Al

ayy ut punoj sa1eYords "Yieap [e1ag +d1 +d1 -S| auoN ST ON | umowyun | z¢ | 6861 Y10x MaN | [15°67)
‘wn)redysod pajsa) ooy

‘sansst aanisod

2)aydoaids ur uoneurtreuUI ON *A3UpTY
ayy ut punoj sa1eYd0rds "Yieap (19 +d1 -S| suoN €T ON | umowyun | /¢ | 6861 10X MaN | [15°67)
‘urnyred)sod pajsa) 1oy

‘pajou

sem (payads jou) sanssy aanisod
9joypoards ur uonewwreyUr ON

“B}I0E 3]} JO UOHRIDIROD) “YFeap [e32] +1 -5 | euoN 61 ON | umowyun | 7z | 6861 10X MaN | [15%7]
‘wnyredysod pajsa) 1atioy
‘urexq +VIN

ur paje[ost $23a001IdS "Yreap [ea] 10X MIN [67]

(panunuo)d) -g3[qe],

9/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0207067 November 12, 2018


https://doi.org/10.1371/journal.pone.0207067

Gestational Lyme disease SR

PLOS |0

@)

(ponutuon)

"I T8 PI)SI) UIOGMIN
*-DB] pue - N3] ¥ Aep

je ‘swoydwi4s jo gz Aep e + 8] ‘ured
Jurof pey JOYIOIN "UI0qMIU AYI[EIH]

-INST

031§

+INBI D81 §

av

wd)

3sod -sax

9¢

V661

Aueurian

[65]

SYUOU 6 pue iIIq usamiaq
950 UBY) 2I0W P3)$} UIOGMIN
uI0qMau ATes

JAE!

wdy

AN

pif

AN

9861

Auewrron

[8]

5159} 986T YIM
aanisod pue s)s2) F86T Im 2aneSoU
a1am sajdwes A30]019s 86T S IDYIOW
“IDAI] PUE UTeIq 97 UT PayIuapt
sajaypourdg afewrep ureq reyeuard
0] 0P SINOY €7 1€ PP UIOGMIN

+VIN
“4SM

-Vl “+VHI D31
+INBI VSITA

Wd

wd)

S9K

sl

LE

861

Aueurian

[85°28]

*par10dar 10U ST 159) § I9Y1OW JO JWIL],
“Iayjou

o) ur oueudaxd Surmp 10 a10j0q

' Jo £101STY [eITUT]D OU ST 21, "P[O
s1e34 § sem PIIYd uaym Apandadsonax
suop £3oj019g *ATeSawouaydsojeday
“Are3awouape ‘saauy ) JO SHLIYLIL
Juarmodar ssmyumud ‘yser rejdedomoeur
‘snwsiqens ‘snianoun(uod ‘snureydarq
‘saka Surpnnoxd ‘sniduruow

STUOIY ‘STeak § Je ¢X I[[oUIUOJ peay]
pasieua Jeap ‘paprejar A[fenydd2iur
suonIpuod Auew pey prryD

5 D81 VSITd

5 81 VSITd

uou

LE

ON

umowyun

AN

1861

Aueurian

[s7]

‘SYIUOW  PUE 9 & PA)SI) WIOGMIN
"AI9AT[OP 18 P15} IOYIOTN
woqmau AYifea]

-INST
D31
VSITd

D31
VSITd

+INBL
+531 VSITd

WH

wo)

Sax

S ?m

LT

V661

dueL]

[95]

ueudaid sj2aMm 9¢ 1B Palsa) IYION
uroqmau Ayieay

-S

+S

JAE!

6¢

SoK

s paf

6¢

L861

yrewusq

[ss]

*pa310da JOU ST1$9) UIOGMAU JO dUIL],
uroqmau Ayjeay

W4

184

AN

S _uum

14

9861

orqnday
o9z)

[7el]

*pa110da1 JoU ST1$3) UIOQMAU JO WL,
“YMIQ B BIWAUE PUE SWOIPULS SSI1STP
A1o1e11dsar yiim uIoqmau armjewag

W4

[43

Sax

9t

9861

onqnday
yoaz)

[¥5]

-aansod

sem Arurey ajoym ‘Surnsa) resrdojoras
10§ 107e] s1eaA (7 Uaye) sajdureg
*(Aydoxne reain|3 “ewordueway
[e1oes a3n1]) sanIfewLIOUqe

JIOUIW [IIAIS PEY UIOQ MIN

+dI

W4

AN

ON

21g

AN

6961

BLISNY

[zv]

adoang

(panunuoD) ‘T3IqeL

10/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0207067 November 12, 2018


https://doi.org/10.1371/journal.pone.0207067

Gestational Lyme disease SR

PLOS |0

@)

(panunuo))

JueuSaid syoom 9 Je palsa} YO
S[35SIA [EII[IqUUT

JO STINISeA puE SHIUOTUWIROLIOYD
:Asdoyny “ya1q jo sanurur

UIYIIM PIIp UIOqMIU dInjeuald -SM -VAI A 14 oK <l 9T | 6661 BIUSAO[S [¢7]
"I}

PU023s 3} JO PUD 3} J& Palsa} IYIOIA
‘3NSST) IOAI] pue

Suny ur sajaydoxdg ‘suoneurIojfeW ou
‘sa)10sE “Xeroyopmy e ‘sneydodorpAy
“YHIq JO SIMOY UM palq +1d +S JAES 43 S9X ¢l 9T | 6661 BIUSAO[S [e7]

-D3] Jusuyean) Ia)je SYUOW 9

+031 v1 ‘wnjredisod pajsa) 10104
*3NSST) UTRIq PUE JSAT] jsod

Guny ur uaas sajayoIrds “yeap relo g +1d +081 vdl QUON ¥ —sX AN | €€ | 9861 BIU2A0[§ [€7]
‘Jueusaid syoom g Je paisa) IYION
u10qmau AyieaH +D31 “+INST vl SN wia) AN ol | ST T661 BIqI9g [99]

ueusaid syeom Gz e paisa) JYION
uzoqmau Ayi[eay +D31 + N8I vl AN wia) AN spul | 67| T661 eIqI98 [99]

ueudad syeom (1 e paisa) JOYION
uroqmau Ayiea -INSI -D31 S NG wid) S ol | ST 1661 BIQIdG [$9]

“YIIq I8 PI)SI) UIOGMIN

ueudaid s{2aMm /¢ 1B Palsa) IO
+ 08+

W81 M 38 + O8] +INB] VSI'Td 1on-T W81 +9] SPUPLIIYIIN
w10qmau Ayifeay VSITA NS o 2o0-7 | dd WA wd) sax op€ | LE | Le00T gL, (9]

queudoxd

sypam (+D8] pue +S) 61 pue

(Aquo +N8T) £1 “9OT 18 PaIsa) 1YI0IN SPUBLIAYIIN
“u10qMaU A[edf] +DSI/+INBL S dd 8¢ sK 21d | €€ | ,000C L [£9]

“IIq 13)Je Pa)S) UIOGMIN
“JuauIesn)

150d x wnedjsod paysay yloN
+INST M % +INST VSITA o8-

u10qMau AqI[eaH “VSITd D8] + B[ 1on- T JAE! wiz) X p€ | 0 | .TT0T puejod [29]
queudoxd
syjpam 67 "xoxdde pajsa) a0
Pa19A0331 +031
pue erwauqnunqadAy pey uroqmaN “+WSBI VSITa Wa wid) saK w€ | ST | 100C pueod | [19]

‘unjredisod pajsa) sem 1oION
"H-YSE U0 21my[md o} pajrey

WSTUESIO AYI[-LI[2110q B SYIUOW 9¢
@119

PUe (@ 0€ ‘@Y 1% #uvs g 10§ aanisod
sem 10[q uId)sam D3] yuow ¢ - W8I “+931
SO0IqNUE YiIM pajear AM-VAI

SqIuOW 9¢ pue 6 UsamIaq aposids | “YSITH ‘WET
yoeg ‘sypuow 9¢ pue ‘71 ‘63e | -INSI R -DII
pasdear ‘123§ pue sewayyL1o remuue aM VAT | +aDd
apdnnu :$y2am € 3y ‘uroqmau AIEsH | ‘VSITH W 6 +D8] VI Arerg [09]

(panunuoD) ‘T3IqeL

11/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0207067 November 12, 2018


https://doi.org/10.1371/journal.pone.0207067

©-PLOS |one

Gestational Lyme disease SR

(panunuo))

“YMIq T8 PIISI) UIOGMIN
ueudaid s2aM F¢ 18 Palsa) YION
B S PU B T NST gM UT0qMIN
3 e 1€ D3] M IO

-a8exes] pinp-reurdsoiqaiad
[ewdpuedasuen ‘s1sous

11qa192 smonpenbe pue snjeydadorpiy
TR[NOLIUIALT) [e)TUSSUO0D PEY UIOGMIN

[ed0Amba
ST aM

+031
M +INBL S

QUON

9¢

ON

umowun

8T

500C

Ay,

[£9]

eIy

queuaxd sypam 07

1E pa1sal YO "HATI Pue ¥Dd £4q
'] pauwIyuod g[dures umouyun woij
+dss vija.Li0g 10§ 2INYND [[29 JANISOJ
‘UONIPUOD 3Y) WOIJ PIIANS [[1S

s1eak 67 18 (S)[9am 97 Je pasouderp)
oxa)n ur siseryIpRoyd padofaadp pryD

+HATY
‘0
HHAST

SN

9¢

Sax

10T

uredg

[1%]

queuSaid syoom G Je palsa) YO
*$[9aM (] uonIoqe snosuejuodg

R

Wd

[

Sax

€T

6661

BIUDAO[S

[e7]

JueuSaid syoom /£ Je palsa) YO
'$[99M 6 uorI0qe snoduejuodg

“vdl

WH

Sax

)l

8T

(6661

BIUIAO[S

[e7]

“JueuSord syaam 9 16 PaIsa) IYION
Ahoepuds yam uroqmau Aies]

“vdl

JAE!

W)

EE)N

S umﬂ

LE

6661

RIUDAO[S

[e7]

ueudaid sj2aMm 9T B Palsa) IPYION
*19J21n0IpAY

pue SISOUD)S [e1)a1N [eIdje[Iun

PIO SYIUOW (] ‘UI0qMIU AI[EIF]

“vdl

W

wdy

Sax

sl

6C

6661

RIUDGAO[S

[e7]

‘yueudord syoam ¢¢ Je Palsa) YOI
*pasougerp sem XNn[JaI [e19)9IN0DISIA
PIO SYIUOW G ‘UI0oqmau AYiTed

-vdl

W4

wd)

S9K

S _EM

€C

6661

BIUDAO[S

[ev]

JueuSaid syjpam 67 18 PISA) IYION
‘paynuapt sisoxydauoipy

)M SISOUD)S [2I9)21N [BIN[Iq

PIo SqpuowW £ "u1oqmau Aesq

“vdl

L

U4

SaK

8¢

6661

BIUIAO[S

[e7]

ueudaid s{2aMm 9T B Pa3sa) IO
*SISEI[A)L

pue xeroyjowndud 1aje] pue Suny jom
® ‘ssax)stp A10)ea1dsar pey uI0qMaN

“vdl

JAE!

9¢

Sax

sl

LT

6661

BIUIAO[S

[e7]

ueudaid $j9aM 97 18 Palsa) IO
uroqmau Aieay

“vdl

JAE!

9¢

Sax

s pul

6661

BIUDAO[S

[e7]

ueudaid s2aMm 17 18 Palsa) IYION
*pa19A0931 PIYD) Surpasyq

Teadiooo ojarred [erqaroaenur
Burpaa|q remotnuaarad pue
T[NOLIUDA [BIS)[Iq ‘OWOIPULS $SINSIP
Arorexidsal g)im UI0QMIU dI)etdI]

“vdl

W4

9T

Sax

S v:N

€T

6661

BIUIAO[S

[e7]

‘JueuSord syoam £ 16 PaIsa) IYIOTN
‘eaoude pue uonoddyur
[e29020[4yde)s “erwraurqnuiqradAy
919498 PBY UIOGMIU dINIRWAL]

-vdl

W4

€€

S9K

S —EN

9t

6661

BIUSAO[S

[e¥]

‘yueudard syaam [T Je Palsa) YO
*Asdoine uo sSurpury jueas[ar ou
“AJoreIpaurur parp UI0qMau dInjewalq

BIUIAO[S

[e7]

(panunuoD) ‘T3IqeL

12/27

//doi.org/10.1371/journal.pone.0207067 November 12,2018

PLOS ONE | https


https://doi.org/10.1371/journal.pone.0207067

Gestational Lyme disease SR

PLOS |0

@)

200¥ 29020208uod [euinol/| /g 1°01/610"10p//:sdny

“AnsTwraydo)sTyoun W = HH[

“7€€SH Apoqnue [euopouow dyads = YA ‘payads 1aypang jou ‘Adodsordtur py e = J( 29UDSIONFOUNTI }9IIPUL = ] "POYIAW SUTUTE)S [T = (J "UIL}S JUTUWIRUIYIIW LIOWOL) = D)
“ure)s I9AJIS A11e)s UTIIe A = SM "ABSSE UONRZIPLIGAY J0[q SUI] 9SI9AI = [ TY "U0Noear ured aserdwik[od = YD J “wnipawr s A[[2)] = M "WnIpaw [] A[[9Y] JoUU0)§ MoqIeq dIM[nd = H-MSq
*paqLIdsap a1aym £30[013s 10§ pajesIpur axe A pue o) urnqojSounww] = NS /D3] 10[q UI2)saM AI0JRWIGUOD © £q PIMO[[0] VAT 10 YST'TH [e20Amba 10 aan1sod e sayesrpur Sunsa)

191)-7 = 191}~ 9o[qounuru = ¢ *Aesse 20USIIONJOUNUIT JDIPUT = ] ‘uoneunn[S3ewray 1021rpur = YHJ "Aesse JUdqIOSOUNTUW PIMNUI[-dWAZUS = YS[TH "PAqLIdSIP 10U 159 [e5130[013s = §
‘spIduruaw = DA ‘SHUIYME = Yy As[ed [e10e] = J] "958SIP JWAT YIIM PIJeIOOSse Yse suerSiu ewayldIs = N

oyads-uou = gN ‘payiodarjou = YN

*SaUTPPINS JU2LIND £q PIPUSWUODI SPOYIIW £10JeI0qR] SUISN P2}02}9P Sem IYIOW Y} UT UONIJUI 142f10pSing g YOIYM UI $35ed $edIpu]

“sopowr 4q payzodar aiq Yry,

“P[0 s134 § pUE Y}IIq US2M)3q SWT pa3rodaIun Je (3593 UMOWUN) P3IS3) SEM LINISS § P[IYD “P[IYD 1Y JO YHIIq Y} I9)Je s1834 7 ISA0 WNISS S IAYHOW U0 Pjonpuod 383} VSITH ,

‘LiafiopSing g 10§ saTpoqIIUe

oy193ds 30339p 10U PIp 31991 UV "I 1249MOY ‘YSI'TH PU® V] Aq SI[nsa1 sanoea1 A[Suoxns punoj yeaf] jo justniieda 9383 Y10 X MON pue DD :s3[nsai [edtdojoras wnredisod Sunorguo)
“pasn ayep uoneorqnd ‘papraoid jou yep ase) ,

“foueudaxd 1ay5e 150d, ‘syeam +( 01 £7 syeam Loueudaid

ST I9)sowWILy) pIg pue £Z—-¢T syoam AoueuSaid st 103sowiin pug 71-T syoam Loueudaid st 10ysouurn 351 “Aoueudaid ar0joq 21d, suondo oses ayy £q parrnboe sem (T 181 19)saWILI) Y} = IISIWILL) (T L

queudaid sjpaMm () 18 Palsa) IYION

u10qMau AyI[eaH +D8] VI eIssmy [89]

(panunuoD) ‘T3IqeL

13/27

PLOS ONE | https://doi.org/10.1371/journal.pone.0207067 November 12, 2018


https://doi.org/10.1371/journal.pone.0207067.t002
https://doi.org/10.1371/journal.pone.0207067

®PLOS | one

Gestational Lyme disease SR

Table 3. An overview of the features of 59 case reports diagnosed with gestational Lyme disease.

Case characteristic Positive / total Not reported/ not
cases done
Pregnant Women
Pregnant women with clinical manifestations of LD 41/54 5
Pregnant women with laboratory test results 23/33 26

Pregnant women with test results from currently recommended 4/4 N/A
laboratory tests'

Pregnant women where clinical symptoms were not reported (n = 2) or 7/10 N/A
not specific (n = 8), but laboratory test results were reported*

Other samples tested

Spirochetes detected in placenta 5/11 N/A

Cord blood serology 1/5 N/A

Fetus, Newborn or Child

Any test result for a fetus, newborn or child 18/31 28
Spirochete identified in tissue collected at autopsy 15/18 2

Spirochetes identified following autopsy conducted on fetus from 5/5 N/A

pregnant women not diagnosed with gestational LD.

Spirochete identified in tissue sample from a live child 1/1 N/A
Serology results in the newborn or child 2/13 34
Frequency of Negative Birth Outcomes
1** trimester miscarriage 3/59 N/A
2" trimester miscarriage 7/59 N/A
3" trimester fetal death/ stillbirth 2/59 N/A
Death shortly after birth 8/59 N/A
Abnormalities/ health issues’ 16/59 N/A

Long term conditions 6/16 N/A
Healthy Infants 23 (1 set of N/A

twins)/59

! A subset of total laboratory tests, evaluated based on laboratory methods recommended by current guidelines
[70,71]

2 Spirochetes identified in placenta (n = 3) &/or fetal tissue (n = 3)

? Examples of adverse outcomes: hyperbilirubinemia, respiratory distress, syndactyly, and ureter and heart

abnormalities

https://doi.org/10.1371/journal.pone.0207067.t1003

considered of limited value in diagnosis due to both the small number of spirochetes seen and
the risk of false positive results for a range of reasons reviewed elsewhere [72]. Across the case
reports the specificity of the primers used for PCR and methods of culture confirmation were
often not mentioned, but we included these reports nevertheless. Evidence of infection in the
placenta (presence of spirochetes) and/or cord blood (presence of antibody) was sought in 12/
59 cases, Table 3. Of these 5/11 placentas and 1/5 cord blood samples were positive (for IgG
antibodies only), two of the placenta positive results were based on the results of indirect
immunofluorescence. In the positive cord blood case and one placenta-positive case the child
was healthy at birth.

Amongst the 59 pregnancies identified in the case studies in this SR, 33 (56%) pregnant
women were tested for LD; but diagnostic methods currently considered reliable (direct detec-
tion methods as described above or the two-tier EIA followed by the Western Blot) were used
in only four cases, Table 3 [27,41,46,64,69,72,73]. In five other cases, the mother was not diag-
nosed with LD by clinical symptoms or a diagnostic test, but instead was considered
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retrospectively to have suffered from LD when the cause of fetal or newborn demise was inves-
tigated and possible B. burgdorferi spirochetes were identified in the placenta (n = 3) and/or
fetal tissue (n = 3) [49,51].

There was treatment information for 19/23 pregnancies that resulted in healthy newborns;
18/19 (95%) were treated for LD during pregnancy and subsequently had no adverse birth out-
comes. Healthy newborns were born to mothers that had a wide range of gestational LD symp-
toms from EM to neuroborreliosis and LD was acquired in all trimesters (Table 2). In contrast,
34/36 pregnancies have treatment information and a negative birth outcome, of these only 14/
34 (41%) were treated during pregnancy. Among the 20 cases that were not treated and had
negative birth outcomes, 10 occurred in mothers with no clinical history of symptoms consis-
tent with LD according to current guidelines [70,71]. The other 10 untreated cases were mainly
diagnosed retrospectively or after parturition, so there was no opportunity for treatment dur-
ing pregnancy.

Across cases, evidence that transplacental transmission of B. burgdorferi can occur was
shown by testing the placenta (n = 11) and deceased fetal/newborn tissue (n = 18), Table 3.
Adverse birth outcomes occurred in 4/5 placenta positive cases (2 stillbirths and 2 cases of
respiratory distress that recovered), in 2/6 placenta-negative cases (one premature birth and
one case reported as relapsing LD beginning at 3 months of age, and spirochetes were identi-
fied in one or more fetal tissues in 15/18 autopsies (Table 2). Only one case (in Germany)
described the full range of expected observations (clinical manifestations in the mother, nega-
tive outcome for the child, and laboratory detection of B. burgdorferi in the child) that would
give confidence that vertical transmission of B. burgdorferi, with negative consequences for the
fetus, occurs [57,58]. The reports from the autopsies (n = 18) did not provide an explanation
for how the presence of B. burgdorferi was associated with the pathology seen in the fetus
[49,51,52,57,58]. A common autopsy observation was the lack of inflammation or immune
response against B. burgdorferi infection in the fetus. Across all cases there were no consistent
clinical outcomes resulting from gestational LD, and a linkage between fetal loss and gesta-
tional LD remains unclear from the case reports.

Epidemiological studies

There are 19 epidemiological studies identified in this review, which include nine cohort stud-
ies, four cross sectional studies, two case control studies, and four case series. The studies were
conducted in the USA (n = 10) and Europe (n = 9) and published between 1986 and 2011. One
cohort did not have extractable epidemiological outcomes, but the data from the pregnant LD
cases are included in the previous section [66]. A second study is not included in this review
because there were no extractable outcomes [74]. This study also received a very high RoB
evaluation due to incomplete reporting of methods and outcomes, lack of blinding, failure to
account for or examine important confounders, and other biases including the potential of
funding bias [74].

Adverse outcomes in LD exposed vs unexposed populations. Eight studies reported dif-
ferences in prevalence of one or more types of adverse birth outcomes in exposed compared to
unexposed populations, Table 4. The definition of ‘exposed’ in these studies included women
diagnosed with gestational LD during the study, a history of LD (based on clinical chart
review), positive LD serology during pregnancy, or those considered to be at higher risk of LD
(measured indirectly by having a history of tick bites or living in a known endemic area for LD
risk). Adverse birth outcomes amongst and within the epidemiological studies varied widely
and included very common outcomes such as preterm birth and hyperbilirubinemia [75,76],
as well as less frequent and more serious major congenital malformations. Some studies
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Table 4. Measures of association extracted from eight studies on adverse birth outcomes and LD during or before pregnancy, positive LD serology during preg-
nancy, and surrogate measures of possible exposure to LD (e.g. tick bites or living in an endemic area). (Significant odds ratios are bolded in the results.).

Ref Study Adverse outcome definition Diagnosis of LD or surrogate measure of exposure in mothers OR* 95% Conf. N
Interval
Association with adverse birth outcomes due to having a positive LD serological test during pregnancy or history of gestational LD (GRADE ***)
gap g g preg y ry ot g
[79] | Carlomagno (1988) | spontaneous miscarriage Serological screening only (IgG) >* 2.14 | 0.50 9.09 98
[77] | Strobino (1993) spontaneous miscarriage Serological screening (IgG or IgM) > * ® and clinical history of LD 0.49 | 0.03 8.41 | 1521
[77] | Strobino (1993) spontaneous miscarriage Clinical gestational LD 10 0.39 | 0.03 6.01 | 1746
[77] | Strobino (1993) spontaneous miscarriage LD <1 year before conception 1.73 | 0.69 436 | 1760
[77] | Strobino (1993) spontaneous miscarriage LD >1 year before conception 1.20 | 0.32 4.51 | 1752
[78] | Dlesk (1989) spontaneous miscarriage Serological screening only (IgG or IgM)* > ° 0.71 | 0.08 5.93 126
[77] | Strobino (1993) history of miscarriage Serological screening (IgG or IgM) > * ® and clinical history 0.86 | 0.19 4.00 | 1521
[80] | Bracero (1992) premature rupture of membranes | Serological screening only (IgG or IgM)>*° 1.01 | 0.12 8.88 134
[80] | Bracero (1992) premature labour Serological screening only (IgG or IgM) >*° 1.46 | 0.16 | 13.10 134
[80] | Bracero (1992) low birth weight Serological screening only (IgG or IgM) >*° 2.27| 041 | 12.58 134
[80] | Bracero (1992) apgar <7 Serological screening only (IgG or IgM) > ° 3.36| 035 | 3254 134
[80] | Bracero (1992) small for gestational age Serological screening only (IgG or IgM) *>>° 6.89 | 0.62 | 76.46 134
[80] | Bracero (1992) congenital abnormality, all' Serological screening only (IgG or IgM) >*>° 5.62 | 0.21 | 150.06 134
[81] | Strobino (1999) congenital cardiac abnormality History of LD 10 0.85** | 0.39 1.89 | 1500
[77] | Strobino (1993) congenital abnormality, all' Clinical gestational LD 0.53% | 0.07 4.16 | 1521
77 trobino congenital abnormality, a <1 year before conception 1.65 . .57 7
[77] | Strobino (1993) genital ab lity, all' LD <1 year bef pti 65* | 0.60 | 4 1760
[77] | Strobino (1993) congenital abnormality, all' LD > 1 year before conception 2.94% | 0.98 8.86 | 1752
[77] | Strobino (1993) congenital abnormality, minor’ Clinical gestational LD" 0.80* | 0.10 6.28 | 1521
82 illiams (1995 congenital abnormality, major efore pregnanc . .75 14.
[82] | Williams (1995) genital ab lity, major ! | LD before pregnancy 326 0 420 | 2386
82 illiams (1995 congenital abnormality, a efore pregnanc 1.13 | 0.2 4.85 | 2386
[82] | Williams ( ) genital ab lity, all' LD before pregnancy 6
[82] | Williams (1995) congenital abnormality, major ' Clinical gestational LD 6.80 | 0.78 | 59.00 | 2386
[82] | Williams (1995) congenital abnormality, all! Clinical gestational LD" 2.37 | 0.28 20.42 | 2386
Association with adverse birth outcomes and an IgG or IgM positive cord blood serological test (GRADE **)
83 illiams (1988 adverse birth outcomes ord blood serolo 0.40 | 0.05 3.07 255
[83] | Williams (1988) d birth Cord blood serology (IgG) *
82 illiams (1995 congenital abnormality, minor Or ood serolo: 0.63 | 0.08 4,70 | 2386
[82] | Williams (1995) genital ab lity, minor' | Cord blood serology (IgG) °
[84] | Lakos (2010) adverse birth outcomes Cord blood serology (IgG)6 No est. 74
Association with congenital abnormalities and tick bites during pregnancy (GRADE **)
[82] | Williams (1995) congenital abnormality, all* Tick bite during pregnanc 1.63| 0.77 3.47 | 2386
g ty g preg Y
[77] | Strobino (1993) congenital abnormality, all* Tick bite during pregnanc 1357 0.72 2.53 | 1731
g ty g preg Y
82 illiams (1995 congenital abnormality, major ick bite during pregnanc 1. 4 5.
[82] | Williams (1995) genital ab lity, major ! | Tick bite during pregnancy 60| 0.49 23 | 2386
77 trobino (1 congenital abnormality, major ick bite during pregnanc .5 .14 R 1731
[77] | Strobino (1993) genital ab lity, major’ Tick bite during preg y 0.59% | 0 2.49 3
82 illiams (1995 congenital abnormality, minor ick bite during pregnanc 1.62 | 0.64 4.11 | 2386
[82] | Willi ( ) genital ab lity, minor" Tick bite during preg y 6
77 trobino (1993 congenital abnormality, minor ick bite during pregnanc 1.76" | 0.90 3.4 1731
[77] | Strobino (1993) genital abnormality, minor' | Tick bite during pregnancy ' 6
81 trobino (1999 congenital cardiac abnormali ick bite during pregnanc 0.93 0.56 1.56 | 1500
[81] | Strobino (1999) genital cardiac abnormality | Tick bite during pregnancy "
Association with congenital abnormalities and a history (before or during pregnancy) of tick bites, but no LD (GRADE **)
77 trobino (1993 congenital abnormality, istory of a tick bite with no 1.46" | 0.96 2.36 1731
[77] | Strobino (1993) genital ab lity, all’ History of a tick bite with no LD® ¥
[77] | Strobino (1993) congenital abnormality, major" History of a tick bite with no LD 1.52F | 0.75 3.07 | 1731
[77] | Strobino (1993) congenital abnormality, minor' History of a tick bite with no LD? 1.47% | 0.87 2.49 | 1731
Association with congenital abnormalities and mother residing in a LD endemic area compared to a non-endemic LD area (GRADE **)
[83] | Williams (1988) congenital abnormality, all” Residence, endemic LD area 0.90 | 0.49 1.65 421
[82] | Williams (1995) congenital abnormality, all' Residence, endemic LD area 0.87F | 0.70 1.06 | 4814
[82] | Williams (1995) congenital abnormality, majorl Residence, endemic LD area 1.08* | 0.77 1.53 | 4814
[82] | Williams (1995) congenital cardiac abnormality Residence, endemic LD area 24| 1.25 4.59 | 4814
(Continued)
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Table 4. (Continued)

Ref Study Adverse outcome definition Diagnosis of LD or surrogate measure of exposure in mothers OR* 95% Conf. N
Interval
[82] | Williams (1995) congenital abnormality, minor' Residence, endemic LD area 0.77% | 0.60 0.99 @ 4814

No est = no estimate is available because there were no events in either group.

*Odds Ratios were calculated from the raw data provided in the paper unless otherwise noted.

¥ = Odds ratio extracted from the paper.

* = Outcome was adjusted for other variables. [81] is adjusted for maternal age, number of live births, current county of residence, year of birth of study child,
occupational x-ray exposure, maternal high blood pressure, and characteristics of residence (wooded area, deer) at the time of birth of the study child. Three studies
reported a statistical analysis of the comparability of their exposed and control sampling frames, but did not present adjusted results [77,82,84].

! Congenital abnormalities were summarized in some studies as all abnormalities together and then subdivided into minor abnormalities and major abnormalities.
% Lyme disease serology was conducted in the first trimester.

? Screening for LD positive serology in pregnant women included a single immunoassay.

* Screening test was an immunoassay confirmed by an immunoblot.

® Immunoassay used to screen cord blood

¢ Immunoblot used to screen cord blood.

7 Study only sampled live births, so the impacts of LD that may lead to fetal demise would have been omitted from these results.

8 Results represent outcomes for women who had tick bites, but no LD. An association with tick bites is also presented for the same sample including women who had
LD and for a subset of births where the physician records were available. The associations reported in the paper were conflicting for minor congenital abnormalities
[771.

® The serological test used in this study measured total IgG and IgM.

19 Indicates cases in which Lyme disease in the mother was diagnosed following current guidelines [70,71].

https://doi.org/10.1371/journal.pone.0207067.t1004

reported all adverse outcomes together without additional details by type of outcome
(Table 4). Meta-analysis was considered inappropriate for all outcomes due to the variability
in study design, definition of LD, and range of adverse outcomes.

The results included six studies where no significant association was reported between
adverse birth outcomes (e.g. spontaneous miscarriage and congenital abnormalities) and the
mother’s LD status, determined by serology or clinical diagnosis [77-82] (Table 4). The RoB
was low (n = 3) and unclear (n = 3) across these six studies, study designs and diagnosis of LD
varied, but the conclusions were consistent. This gives this group of studies a *** GRADE indi-
cating some confidence the overall conclusions of this research will not change with future
research.

Other exposure measures included seropositive cord blood (n = 3 studies), tick bites dur-
ing pregnancy (n = 3), history of tick bites (n = 1), and residing in an endemic area (n = 2)
(Table 4). No association was shown from cord blood serology (IgG or IgM antibodies)
results and adverse birth outcomes [82-84]. In addition, congenital abnormalities overall
were not associated with surrogate measures of LD exposure including exposure to ticks or
expected exposure to ticks by virtue of living in an endemic area (Table 4) [77,81-83].
Among the results from the LD endemic area of Westchester, New York, USA, a significantly
higher odds of cardiac abnormalities and lower odds of minor abnormalities was observed
compared to a population in a non-endemic area [82](Table 4). In this study, these associa-
tions were shown to be unrelated to a clinical history of LD in the mother and are assumed to
be independent of LD [82]. Therefore there was no association between gestational LD or
surrogate measures of exposure and adverse birth outcomes across the eight studies in
Table 4.
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Study

Treated
Markowitz (1986)
Bracero (1992)
Londero (1998)
Ciesielski (1987)
Maraspin (1999)
Lakos (2010)
Maraspin (2011)
Hulinska (2009)

Country

USA

USA

Italy

NR

Slovenia
Hungary
Slovenia

Czech Republic

Subtotal (1"2 = 0.00%, p = 0.68)

Untreated & symptomatic

Markowitz (1986)
Nadal (1989)
Lakos (2010)

USA
Switzerland
Hungary

Subtotal (1"2 = 0.00%, p = 0.63)

Untreated & not symptomatic

Bracero (1992)
Londero (1998)

USA
Italy

Subtotal (1"2 =0.00%, p = 0.34)

Patient
ID

1
Medical record review —:-0—

Screening serology #
Screening serology 0—:—

Active LD
Active LD
Active LD
Active LD
Active LD

Medical record review

Screening serology
Active LD

Screening serology
Screening serology

Heterogeneity between groups: p = 0.000
Overall ("2 =57.30%, p =0.01);

L 3

ES (95% Cl)

0.23 (0.08, 0.50)
0.00 (0.00, 0.56)
0.00 (0.00, 0.32)
0.12 (0.03, 0.34)
0.11 (0.07, 0.19)
0.16 (0.10, 0.26)
0.14 (0.03, 0.51)
0.25 (0.07, 0.59)
0.11 (0.07, 0.16)

0.33
0.50
0.60
0.50

0.10, 0.70)
0.25, 0.75)
0.31, 0.83)
0.30, 0.70)

0.75 (0.30, 0.95)
0.16 (0.07, 0.32)
0.19 (0.06, 0.35)

0.20 (0.11, 0.30)

%

Weight

7.78
3.07
5.91
8.87
14.62
14.19
5.44
591
65.78

4.93
7.46
6.74
19.13

3.75
11.33
15.08

100.00

AO N
3 13
0 3
0 8
2 17
12 105
14 85
1 7
2 8
2 6
6 12
6 10
3 4
5 32

Fig 3. Random effects meta-analysis of nine studies that reported the proportion of women with gestational Lyme disease that
experienced an adverse birth outcome. Studies were sub-grouped by treatment status: treated active LD, untreated LD that had a

clinical history of LD symptoms, and seropositive with no history of LD. LD status was determined by retrospective medical record
review, clinical diagnosis with and without serology or culture, or positive IgG and/or IgM serology. (NR = not reported,
AO = Adverse outcome).

https://doi.org/10.1371/journal.pone.0207067.9003

Risk factors for adverse outcomes in LD exposed populations

There were ten studies that examined various risk factors for adverse birth outcomes among
women diagnosed with gestational LD. In nine of these studies there were data on the propor-
tion of adverse birth outcomes in treated and untreated women with gestational LD (Fig 3).
LD status was determined in several ways across these studies; active gestational LD diagnosed
by a physician (n = 5) [43,44,84-86], retrospective identification based on medical records

(n =1) [44], or a positive serology result on a screening test (IgG and/or IgM) during preg-
nancy (n = 3) [87,88]. A random effects meta-analysis was conducted to examine the propor-
tion of adverse outcomes across subgroups based on LD and treatment status: i) diagnosed
with gestational LD and treated during pregnancy, ii) diagnosed with gestational LD, but not
treated during pregnancy and iii) seropositive on a screening test (single immunoassay [80,87]
or two tier test [88]) for LD during pregnancy, but did not have a clinical history of illness and
consequently was not treated (Fig 3). There was a significantly higher proportion of adverse
birth outcomes in the untreated subgroup (50%, 95%CI 30-70, I* = 0%) compared to the
group that received treatment (11%, 95%CI 7-16, I* = 0%) (Fig 3). For the subgroup that had a
seropositive screening test, but were considered healthy, the results from two studies were
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quite different from each other and in the meta-analysis this sub-group was not significantly
different from the frequency of adverse birth outcomes in the treated and untreated subgroups
(19%, 95%CI 6-35, I* = 0%) (Fig 3).

Among these ten studies, two reported that the country level frequency of adverse birth out-
comes was the same as the frequency among women in the study. Specifically, treated patients
diagnosed with gestational LD had a lower frequency of spontaneous miscarriages and prema-
ture births and similar frequency of congenital malformations compared to the country level
frequency [43,84]. This suggests that there was no increased risk of adverse birth outcomes
among women with treated gestational LD compared to the country birth statistics. The over-
all GRADE of the studies in Fig 3 is ** meaning that we have limited confidence the results and
estimates presented here will not change with future research. This is mainly due to the limited
number of studies and observations in each sub-group despite homogeneity across studies and
these limitations prevent exploration of potentially important confounding factors such as
geographic region, year study was conducted and methods of diagnosis. Therefore, we caution
that the summary results are not generalizable beyond the populations studied.

The odds of an adverse birth outcome in gestational LD cases that were treated compared
to those that were untreated were described in four of the studies (Table 5), two involving
symptomatic women and two involving asymptomatic women. The largest study was from
Hungary and reported significantly increased odds of adverse birth outcomes (OR 7.61, 95%
CI 1.90-30.51) [84]. The other studies, two from the USA and one from Italy, found no differ-
ence between the treated and untreated groups although the results were in the same direction
as the study from Hungary [44,80]. Thus, the data suggest there is some evidence that adverse
birth outcomes may occur more frequently if gestational LD is not treated.

Possible risk factors other than LD treatment status were investigated in three studies
including trimester of B. burgdorferi exposure, length of LD during pregnancy, early vs. dis-
seminated gestational LD, and women presenting with an EM only compared to those with an
EM and other symptoms of LD [44,84,89](Table 5). None of these studies found a significant
association between adverse birth outcomes and these possible risk factors, although most of
these studies were small and may have had limited power to detect a difference. For example,
in one study with only 19 observations the association was not significant, but there was a
higher proportion of adverse birth outcomes in women with disseminated LD (cardiac mani-
festations and neuroborreliosis; 43% had adverse birth outcomes) compared to early LD (EM
only; 17% had adverse birth outcomes) [44]. There were no significant associations between
trimester of LD infection and adverse birth outcomes [84] Table 5, or with the frequency of
spontaneous miscarriages [77,79]. Birth weight, a surrogate measurement for newborn health,
was unrelated to gestational LD in two studies [77,82]. Spirochetes found in the placenta were
not associated with adverse birth outcomes in a case series where 3/60 placentas were spiro-
chete positive and all infants were healthy [85]. Coinfection with Anaplasma phagocytophilum
based on PCR of the blood and/or placenta was reported in one study for 37.5% (3/8) LD posi-
tive women that had adverse birth outcomes (n = 2) and healthy twins (n = 1). The small sam-
ple size prohibited investigation of the association between coinfection and adverse birth
outcomes [90,91].

Discussion

The literature included in this SR was published between 1985 and 2017, 58% of which are
case studies. As evidence, case studies are helpful to generate hypotheses for future research,
but cannot be used to further our understanding of a causal relationship, if one exists, between
gestational LD and adverse birth outcomes. There were a number of reporting issues in the
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Table 5. Measures of association extracted from six studies examining the odds of an adverse birth outcome in
patients with gestational LD by treatment status, timing of exposure, severity and progression of LD. (Significant
odds ratios are bolded in the results.).

Ref Study Adpverse birth outcome Mother’s risk factor OR*  95% Conf. N
definition Interval

Association with adverse birth outcomes and untreated compared to treated gestational LD (GRADE **)

[84] | Lakos (2010)* adverse outcome Untreated symptomatic LD 2 7.61 | 1.90 | 30.51 |95

[44] | Markowitz adverse outcome Untreated symptomatic 1 LD 2 1.67 | 0.20 | 14.05|19
(1986)

[80] | Bracero (1992) | adverse outcome Untreated asymptomatic LD 16.33 | 0.48 | 555.63 | 7

[88] | Londero (1998) | adverse outcome Untreated asymptomatic LD 3.00 | 0.18 | 49.32 |40

Association with adverse birth outcomes and postnatal treatment of gestational LD compared to treatment
during pregnancy (GRADE **)

[84] | Lakos (2010) adverse outcome Postnatal treatment of 2.57 | 0.86 7.69 | 95
gestational LD?

Association with adverse birth outcomes and the length of gestational LD infection (GRADE **)

[84] | Lakos (2010) adverse outcome Clinical gestational LD 2 1.00%¥ | NR NR | 95

Association with adverse birth outcomes and acquiring LD during the first trimester of pregnancy compared to
later in pregnancy (GRADE **)

[84] | Lakos (2010) congenital abnormality, all Clinical gestational LD 2 0.17 | 0.02 1.37 | 80
[84] | Lakos (2010) adverse birth outcomes Clinical gestational LD 2 0.92 | 0.31 2.75 | 86

Association with adverse birth outcomes and disseminated LD compared to early LD (EM) at diagnosis
(GRADE ")

[44] | Markowitz adverse birth outcomes Disseminated vs. early LD 2 3.75|0.45| 31.62 |19
(1986)

Association with adverse birth outcomes among EM positive women (early LD) with and without additional LD
symptoms (GRADE **)

[89] | Hercogova adverse birth outcomes Symptomatic gestational LD No 15
(1993) est.

No est = no estimate is available because there were no events in either group.

*Odds Ratios were calculated from the raw data provided in the paper unless otherwise noted.

¥ = 0dds ratio extracted from the paper. One study reported a statistical analysis of the comparability of their
exposed and control sampling frames, but did not present adjusted results [77,82,84].

! Results are available for mode (e.g. oral) of antibiotic treatment; all modes are in agreement with the overall result.

% indicates cases in which Lyme disease in the mother was diagnosed following current guidelines [70,71].

https://doi.org/10.1371/journal.pone.0207067.t1005

case studies included in this SR, mostly related to missing or limited information on the moth-
er’s clinical symptoms and the use of diagnostic methods and laboratory tests currently consid-
ered unreliable [69-72]. The latter issue also applies to many of the epidemiology studies. This
is not to indicate that the results from these studies are false, but that they are questionable,
which is a feature of the age of the majority of studies identified for inclusion in this SR.
Diagnosis of LD relies on clinical evaluation, plausible exposure history to infected ticks,
and if needed, supplemental diagnostic laboratory tests [70,71]. Reliable test methods would
include direct demonstration of B. burgdorferi in tissues or in culture by IF or PCR using,
respectively, specific antibodies or primers, or results of a two tier serological test interpreted
by current guidelines, the latter being the most common type of testing for diagnosis of LD
[92-94]. Typically, two tier serological testing includes an enzyme immunoassay (EIA) to
detect IgM or IgG serum antibodies to B. burdorferi; positive or equivocal tests are followed by
an immunoblot assay (IB, e.g. Western blot) to confirm the positive screening test result [92-
94]. Although these guidelines improved the performance of LD testing, all currently available
testing options are imperfect [73,95]. Thus, the inadequate sensitivity of serological tests in
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early LD necessitates physician awareness of LD and careful clinical assessment supported by
laboratory testing results when appropriate. Pregnant women who have acquired LD should
be treated according to current guidelines [92-94] as the meta-analysis in this SR suggested
that treatment of LD during pregnancy was associated with a decrease in the risk of adverse
birth outcomes.

The issue of misdiagnosis or misclassification of LD across studies in this SR is important to
carefully consider. The use of unreliable tests or test protocols for LD could contribute to mis-
classification of cases, since 58% of the studies in this SR were conducted prior to the current
serological testing guidelines and LD serological tests were used to screen healthy pregnant
women in some of the epidemiology studies [77-80,82-84,87,88,92]; there is a measurable risk
of false positives and thus misclassification of observations in the sample population [96].
Among several case reports there is little information on the diagnosis of LD and given the age
of these articles there appears to be a reasonable risk that some cases were misclassified as ges-
tational LD. Unfortunately, both false positives and false negatives could have occurred in
these studies and had an impact on the results in an unknown direction and magnitude possi-
bly resulting in the distortion of detected associations or failure to detect associations, which
undermines our confidence in the research results. Considering the potential for misclassifica-
tion of LD in the included studies, additional research using currently accepted methods of LD
diagnosis, an improved understanding of LD, and larger sample sizes (e.g. via large multi-cen-
ter observational studies) is needed to more adequately explore possible effects of gestational
LD and further investigate potential risk factors suggested in this SR.

It is biologically plausible that transplacental transmission of B. burgdorferi occurs given
our understanding of transplacental spirochete transmission for other species of spirochetes
(T. pallidum) in humans [6,7]. There are examples among the 59 case reports included in this
SR that suggested transplacental transmission occurs including 4 cases of infection in the fetus
or newborn determined using relatively reliable laboratory diagnostic methods. Of these only
one case reported clinical LD in the mother, an adverse birth outcome and potential demon-
stration of B. burgdorferi in the child; that would provide some confidence that vertical trans-
mission of B. burgdorferi occurred and may have resulted in a negative outcome for the fetus
[57,58]. Examination of the pathological findings from case studies where B. burgdorferi was
identified in various fetal tissues does not provide evidence that the presence of B. burgdorferi
was linked to the pathological findings and there was a lack of inflammatory response noted in
several cases [43,44,47,49-52,57,87,89,97]. These findings are in alignment with literature
reviews by medical practitioners on this topic [6,98]. Therefore, it is possible that vertical trans-
mission with negative outcomes can occur, but there are knowledge gaps in terms of the
pathology and frequency of occurrence.

Common adverse birth outcomes reported across studies in this SR included preterm birth
and hyperbilirubinemia, which are also common outcomes in the general population [75,76].
The potential for increased risk of an adverse outcome in women with gestational LD that is
not treated was shown in this SR; however an explanation for this was not addressed in the
available research and it is very possible that this was due to many factors such as sub-optimal
maternal health as opposed to a single specific pathology caused by B. burgdorferi infection.
Congenital malformations of the cardiac or genitourinary system are also among the most
common malformations reported [75,99] and were frequently reported in case reports and
epidemiological studies in this SR. Hypotheses that there may be higher rates of cardiac mal-
formations as a result of gestational LD were investigated in the early epidemiology studies
and case reports included in this SR, but these studies were unable to clarify a relationship
with gestational LD [51,52,81]. Given recent research characterising the impact of B. burgdor-
feri on the cardiac system, additional work on the teratogenic potential of B. burgdorferi
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particularly on the cardiac system may be warranted [100]. However, the evidence in this SR
on congenital malformations does not provide sufficient evidence to exclude or confirm a role
for B. burgdorferi in congenital malformations. Future research is needed to address knowl-
edge gaps such as the pathogenesis of B. burgdorferi infection in the developing fetus and its
relationship to adverse birth outcomes.

Several risk factors were investigated based on the pathology observed in the early case
reports and our biological understanding of LD. These studies failed to find an association
between the mother’s LD status and cardiac, minor or major malformation, spontaneous mis-
carriages, and fetal death [77,80-82]. Adverse birth outcomes were also not associated with the
severity of gestational LD (early vs. disseminated), length of LD during pregnancy, or trimester
of infection [44,84,89]. However, there was some evidence of increased risk of adverse out-
comes in symptomatic women who were not treated with antibiotics, and it is possible that
associations with rare or infrequent outcomes were not detected because the sample sizes (or
number of LD cases) in most of the epidemiological studies was small and the range of
reported outcomes was quite large.

There are several limitations to the evidence included in this SR. This includes limited
generalisability of the results to populations other than those studied as there is not enough
research to determine whether population differences exist and how they could have
impacted the findings. Country level or regional rates for adverse birth outcomes are influ-
enced by many factors related to socio economic factors, healthcare, and genetic predisposi-
tions that should be considered when weighing the generalizability of the data [77,82]. Other
possible sources of variation in the frequency and type of outcomes include differences
among genospecies of B. burgdorferi (e.g. B. burgdorferi sensu stricto, B. afzelii, and B. gari-
nii) that can cause different manifestations of LD. The data on Borrelia species was scarce
among the studies in this SR and should be considered in the design of future research to
clarify if there are different outcomes or impacts of gestational LD depending on the patho-
gen [6].

Conclusion

This SR summarizes the research and anecdotal evidence on the potential impact of gestational
LD on adverse birth outcomes. Overall there is a limited amount of evidence; with 29 case
report articles and 17 epidemiological studies on this topic, and the results highlight a number
of knowledge gaps and significant uncertainty about the impact of LD during pregnancy. Due
to the variability in the study size and study design, the lack of evidence in the epidemiological
research does not rule out uncommon consequences of LD during pregnancy. There is some
evidence to suggest that it is biologically plausible for B. burgdorferi to be vertically transmitted
to the fetus, however these studies have been unable to define a characteristic pathological
effect of B. burgdorferi infection in the fetus, thus there are significant knowledge gaps about
the relationship of B. burgdorferi infection and adverse birth outcomes [32]. Given the uncer-
tainty around the impact of B. burgdorferi on the fetus and the consistent evidence suggesting
fewer adverse birth outcomes if LD is promptly treated, it is recommended that physicians
continue to remain thorough in their diagnosis and treatment of LD in pregnant women and
that new research address the knowledge gaps identified in this review.
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