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ABSTRACT
Background:  
Diabetes prior to conception may cause pregnancy complications through disruptions of placental function.

Objectives/Key Questions: 
1) To describe placental changes in women with pre-existing diabetes.
2) To determine if elastography can detect in-vivo placental changes?

Search Strategy: PubMed, Embase, Medline, Cochrane database searches of English language reports published until July 2020.

Selection Criteria:
Question 1: Any study describing placental histopathology in women with known diabetes.
Question 2: Any study using elastography to report in-vivo placental stiffness values.

Data Collection and Analysis:
For Key Question 1: we grouped placental pathologies using Amsterdam International Consensus Group definitions.  For Key Question 2: we conducted a meta-analysis of placental stiffness scores reported in metres per second (m/s) or kilopascals (kPa).  

Main Results:  Cumulative data from 14 studies showed no placental histopathology features pathognomonic for diabetes.  Pooled analysis of 14 studies included 478 “high risk pregnancies” and 828 control/healthy pregnancies.  Only one study reported stiffness scores for placentas of women with pre-existing diabetes (N < 10 women).
Maternal-derived pathologies resulted in higher placental stiffness with mean difference 4.5kPa (95% CI 3.16, 5.87) compared to control / healthy pregnancies.
Fetal-derived pathologies resulted in higher placental stiffness with mean difference of 6.5kPa (95% CI 1.08, 11.86) compared to control / healthy pregnancies.  

[bookmark: _Toc77513416]Conclusions:  Shear Wave Elastography may provide in-vivo approximation of placental histopathology.  Further studies in women with pre-existing diabetes may confirm this. 
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INTRODUCTION 
The prevalence of type 1 diabetes mellitus is slowly increasing worldwide (1-3), though more concerning is the rising global prevalence of type 2 diabetes, particularly amongst children and adolescents.  This trend continues for women of childbearing age, with prevalence of type 2 diabetes in pregnancy more than doubling (4) in recent decades and leading to early pregnancy losses (5, 6).  The largest studies of women with diabetes in pregnancy have been conducted in the United Kingdom (7, 8).  The National Pregnancy in Diabetes (NPID) Audit (7) included 17,375 pregnancy outcomes from 15,290 pregnant women with type 1 or type 2 diabetes.  The NPID findings demonstrate higher rates of major congenital malformations, birthweight extremes, and perinatal mortality (including stillbirth or neonatal death).  Higher rates of perinatal mortality are reported in Australia (9, 10), France (11), Netherlands (12) and Denmark (13).  Other studies show equally high rates of preeclampsia (14) and preterm delivery (15-18).

[bookmark: _Hlk81809699]In early pregnancy, the cytotrophoblast invades the endothelial surface of maternal spiral arteries to establish a complex maternal-fetal vascular network.  This crucial step sets the stage for the remainder of the pregnancy and has been implicated as a key pathway leading to pre-eclampsia (19).  It is likely that pre-existing type 1 or type 2 diabetes compromise these early crucial steps in placental development (20, 21).  Essential placental functions include gas exchange, provision of macro- and micro-nutrients, a reservoir for by-products of fetal metabolism, provision of immune protection with maternal antibodies, and endocrine effects enabling maternal adaptation to pregnancy (22). Disruption to any of these (e.g. from diabetes) can affect mother or foetus and may be evident in placental histopathology.

There are numerous published studies of placental elastography examination in the second and third trimesters but none of these recruited women with pre-existing diabetes.  Briefly, shear wave elastography (SWE) uses an acoustic radiation force pulse sequence to generate shear waves in a region of interest (ROI).  These shear waves propagate perpendicular to the ultrasound beam.   Measuring the velocity of shearwaves is an absolute measure of the tissue’s elastic properties.   Simply put, high velocity shearwaves are seen in rigid tissues whereas lower velocities are seen in softer tissues.  The clinical application of SWE to enhance pregnancy care is currently limited to observational research.  The purpose of this review is to provide an overview of the possibilities of SWE for use in pregnancies with known diabetes, including lessons learnt from other studies using SWE. 
[bookmark: _Toc77513418]
METHODS

To guide this review, we developed two key questions: 1) What placental changes occur in women with diabetes? and 2) Can elastography detect placental changes in vivo?
Full details of all search terms are provided in Appendix S1 Supplementary Material.
The two systematic searches were performed according to PRISMA guidelines.
Our review protocol is registered with PROSPERO (CRD42020188532). 

Data sources, study selection and risk of bias assessments.
For each key question, we searched multiple information sources including The Cochrane Library, MEDLINE, EMBASE and PubMed. For both key questions above, we included English language reports of any study type including Randomized Controlled Trials, Cohort Studies, Case control studies, cross-sectional studies, Case reports, and case series.  For histopathology, we limited our search to diabetes diagnosed prior to conception.  For placental stiffness, we included only those studies reporting values in metres/second (m/s) or kilopascals (kPa).  
Two review authors (AG, JI) independently reviewed the abstract, and title of every record retrieved, to determine which studies should be assessed further.  Both authors then conducted full text screening to identify items for final inclusion and full text review.  Disputes about inclusion were resolved by discussion between the two authors (AG, JI).  Disagreements were resolved with review from a third author (DS). 
To assess risk of bias in key question 1, we have used a quality assessment tool previously published by Murad et al (23).  Some elements of the Murad tool are specifically related to intervention studies, so these were omitted for the purpose of our quality assessment.  
To assess risk of bias in key question 2, we have used a modified quality assessment tool taken from the United States National Institutes of Health available from <https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools> specifically relevant to case series.  

Data extraction
For key question 1, we collected data on population characteristics, year of publication, total number of patients examined, diabetes type, and histopathology description.  Where participants with pre-existing diabetes were grouped together with other participants (such as those with gestational diabetes), investigators attempted to separate these “diluted groups” insofar as possible.
We collected data on histopathological findings under 37 different features (24) grouped where possible under (i) maternal vascular malperfusion, (ii) fetal vascular malperfusion, and/or (iii) infectious/inflammatory/other features.  These umbrella categories have been broadly described by the Amsterdam International Consensus Group in their consensus statement (25).  The Amsterdam group developed their statement to encourage more uniform reporting of placental changes worldwide.  We observed and corrected for common nomenclature e.g., there may be multiple descriptors for the same underlying pathological appearance.  Tenney-Parker changes are equivalent to increased syncytial knots.  For key question 1, two investigators performed the data extraction (JI and AG).  
For key question 2, – we collected information regarding year of study, country of origin, diagnosis to qualify a [high risk pregnancy], gestational age at time of elastography, elastography technique, number of cases of high risk pregnancy, number of cases used as controls, stiffness scores (data were collected in metres per second m/s OR kilopascals kPa and converted to kPa for analysis). The qualifying diagnosis for a “high-risk” pregnancy was divided into maternal diseases: these included hyperglycaemia (type 1 diabetes mellitus, type 2 diabetes mellitus, gestational diabetes mellitus i.e. GDM and other hyperglycemia not fulfilling those diagnoses), hypertension, fetal growth restriction, collagen diseases in the mother or rhesus alloimmunization.  Fetal diseases were grouped separately and included single umbilical artery, fetal structural anomalies, placenta accreta spectrum and placenta praevia. For key question 2, two investigators performed the data extraction (JI and AG).  





Data Synthesis and Analysis
For Key Question 1: findings are summarized narratively and in bar-graph format.  The bar graphs have been grouped according to the Amsterdam Consensus Group categories (25) in an attempt to align with future research reports.  

For Key Question 2, a meta-analysis of placental stiffness scores for “high-risk” vs control pregnancy was performed, as this was the only homogenous and quantitative outcome available for collection.  Stiffness scores collected as metres per second (m/s) were converted to kPa for the purposes of meta-analysis. We conducted two separate meta-analyses (maternal pathologies and fetal pathologies) consistent with umbrella categories defined by Amsterdam International Consensus Group.  

Results were pooled using Review Manager (RevMan) software, version 5.4 (The Cochrane Collaboration 2020). Where studies reported multiple groups with a shared control group, a single pairwise comparison was created using the RevMan calculator. The effect size was calculated using the mean and standard deviation of stiffness values of placentas in high-risk and normal pregnancies. For studies that reported a median with interquartile range or a median with minimum and maximum, we estimated the mean and standard deviation using the method proposed by McGrath et al(26). A random effects model was used to analyse the data. The mean difference and 95% CI were used to report the overall effect size. Heterogeneity was assessed using the I2 statistic with values at 25%, 50%, and 75% considered as low, medium, and high heterogeneity, respectively (27). 



[bookmark: _Toc77513426]RESULTS (KEY QUESTION 1):
Study selection:  We have summarized our study selection process in figure 1.  Briefly, for Key Question 1: our initial search strategy yielded 425 studies.  After removal of duplicates, and irrelevant studies, 45 studies were finally identified.  Many of the studies identified for full text analysis reported electron microscopy techniques or used special stains and immunohistochemistry; these are specialized [predominantly] research techniques and not used in standard placental examination.  These studies (n=31) were therefore excluded from bar graph analysis, but their major findings are summarized in table S1 (supplementary material).  Of 45 full text reports identified, data from 14 are included in the bar graphs (Figures 2-4).

Study characteristics:  Table 1 summarizes the characteristics for the 14 studies included in response to Key Question 1.  Studies of placental histopathology in women with diabetes have been published over a long time period between 1969 – 2017.  Many studies pooled participants into groups despite varying degrees of hyperglycaemia. For example, some populations with pre-existing diabetes prior to conception are “diluted” by including participants with “mild hyperglycaemia”, impaired glucose tolerance, gestational diabetes mellitus (GDM), or overt diabetes in pregnancy “ODIP”.  

Risk of bias of included studies:
Two investigators (JI and AG) independently assessed each domain in the Murad tool to provide an overall rating of study quality.  The complete quality assessment is shown in tables S4 and S5 (supplementary material).

Synthesis of results:  16 bar graphs using cumulative data extracted from 14 studies have been shown (figures 2-4).  The characteristics of included studies have been summarized in table 1.  These 16 bar graphs (from a possible 37 placental pathologies outlined in Starikov’s 2017 paper) (24) were chosen as the most clinically relevant to a general surgical pathologist and most consistently reported placental findings across all study types.  Data for control groups were not available for many of the studies.  We focused on placental findings in women with pre-existing diabetes, thus the data presented included only a limited number of women with GDM.

Maternal vascular malperfusion findings of decidual vasculopathy were more frequently seen in women with pre-existing diabetes than in those with GDM (Figure 2.A). Accelerated villous maturation was frequently seen in women with type 1 and/or type 2 diabetes but was far less evident in healthy controls (Figure 2.B). The frequency of intervillous thrombi did not vary according to type of diabetes (type 1 vs type 2 vs GDM) but was less commonly seen in healthy controls (Figure 2.C).  Placental infarcts were most common in women with type 2 diabetes (Figure 2.E) and this was similar to decidual vasculopathy (Figure 2.A).  Perivillous fibrin and prominent septa / basal plate have been reported in women with type 1 or type 2 diabetes; however, control groups were not available for comparison. Tenney-Parker changes (also known as syncytial knots) were not more frequent in women with pre-existing diabetes.

Changes within the fetal vascular compartment (possible fetal vascular malperfusion) were also seen for women with pre-existing diabetes.  There were increased villous capillaries and increased villous congestion compared to healthy controls (Figure 3.A and 3.B).  Avascular villi in women with type 1 and/or type 2 diabetes were similar to healthy controls (Figure 3.C). Several other placental findings not grouped into either maternal or fetal vascular malperfusion were reported.  Of these, fibrinoid necrosis stood out as it was far more common in women with hyperglycaemia compared to healthy controls.
[bookmark: _Toc77513427]RESULTS (KEY QUESTION 2):
Study selection: Our initial search strategy yielded 456 studies.  After removal of duplicates, 302 titles were screened for relevance leaving 33 abstracts for review.  After abstract review, 6 studies were excluded due to lack of relevance.  A further 12 were excluded after full text review (See figure 5 for details).  15 studies were finally identified.

Study characteristics:  We identified 15 studies across a variety of maternal and fetal pathologies (Table 3 and figures 6-7), of which 14 studies were included in the meta-analysis (data were requested from the authors of the 15th study (28) but no reply was received).  The types of “high-risk pregnancy” included hyperglycaemia, intrauterine growth restriction (IUGR), gestational hypertension, pre-eclampsia, placenta praevia, placenta accreta spectrum, collagen diseases (including auto-immune conditions such as systemic lupus erythematosus, SLE), single umbilical artery, fetal structural abnormalities and hydrops fetalis.  Most included studies were conducted in Turkey or Japan (Table 3).

Risk of bias of included studies:
All the studies included in meta-analysis were given a rating of “good” by the authors at the conclusion of quality assessment – this suggests a uniformity across study methodology in all selected studies.  A complete quality assessment is shown in tables S4 and S5 (supplementary material).  

Synthesis of results:  The 14 included studies comprised a total of 478 “high risk pregnancies” and 828 control or healthy pregnancies.  Only 54 participants in the meta-analysis had GDM, and fewer than 10 participants had pre-existing diabetes mellitus.
Placental stiffness was greater in women diagnosed with a variety of systemic maternal conditions (hypertensive disorders, IUGR, hyperglycaemia and auto-immune pathologies) compared to healthy controls (mean difference 4.52kPa (95% CI 3.16, 5.87)).  
Placental stiffness was greater in pregnancies with fetal pathologies: mean difference was 6.5kPa (95% CI 1.08, 11.86) compared to control / healthy pregnancies.



Only three histopathologic studies after placental elastography were identified.  Ohmaru et al. (29) conducted in-vivo placental elastography (reported in m/s) with histopathology and their findings were included in our meta-analysis (Table 3 and Figures 6-7).   Durhan et al. (30) and Saw et al. (31) conducted ex-vivo placental elastography (reported in strain ratios). Consequently, these were not included in our meta-analysis.  The histopathology of placenta in all three of these elastography studies were similar to the changes described in Key Question 1.  
Durhan et al. described increased syncytial knots, delayed villous maturation, villous fibrinoid necrosis and decidual vasculopathy, placental infarcts, [chronic] villitis and chorioamnionitis.  All of these were more common in the IUGR group compared to the control group (although depending on the region of placenta examined, the results were not always statistically significant). Saw et al. stained the placenta with specific stains “Verhoeff-Van Gieson” to evaluate collagen and elastin contents.  They found a high collagen:  elastin ratio in high-risk pregnancies, but these histopathologic changes have not been described in association with diabetes specifically during pregnancy.  Similarly, Ohmaru et al. conducted special stains using Masson’s trichrome to demonstrate increased collagen fibres. 

DISCUSSION
Main findings
Our main goal was to identify the role of shear wave elastography for detecting placental abnormalities in type 1 and type 2 diabetes using a systematic review and meta-analysis.  We identified fewer than 10 participants meeting this population definition.

We found no placental histopathology features pathognomonic for diabetes mellitus.  While 16 placental features in women with pre-existing diabetes are widely described, at least one study showed that similar findings were seen in women with fetal growth restriction (30).  

High placental stiffness scores have been shown in women with “high-risk pregnancies” such as hypertensive disorders and fetal growth restriction, but few studies included women with pre-existing type 1 or type 2 diabetes.  It is plausible that pre-existing diabetes is another type of “high-risk” pregnancy leading to higher placental stiffness, but this is understudied to date.

Interpretation (in light of other evidence) 
For Key Question 1: placental pathology in women with pre-existing diabetes, our findings are consistent with a similar review by Huynh et al (32) though inclusion and exclusion criteria differed.  We excluded women with gestational diabetes mellitus, whereas Huynh et al included this population.  We included women with pre-eclampsia or hypertension associated with diabetes, whereas Huynh et al excluded this group hoping to avoid the influence of “other pathologies”.  We acknowledge, however, that pre-existing diabetes (and other chronic maternal vascular disease or autoimmune disease) are all accepted risk factors for the later development of pre-eclampsia (14).  Indeed, our literature review suggests that placental histopathology alone is unable to differentiate these maternal diseases.  The placenta likely has a limited range of ways to respond to a multitude of insults.  The result under the microscope may be similar despite differing underlying disease processes.  Neither our review nor Huynh et al reported placental disc weight as a histopathological feature of diabetes.  This is a macroscopic description worth noting in future studies.

For Key Question 2: the use of shear wave elastography in pregnancy, we intentionally excluded transient elastography (TE) and strain elastography (SE) in contrast to a previous Australian review on this topic (33).  We included only those reports of stiffness in the form of metres per second (m/s) or kilopascals (kPa) to enable meta-analysis. Our findings were similar to Edwards et al (33) that placental stiffness is higher in the setting of pre-eclampsia or other hypertensive disorders of pregnancy, fetal growth restriction and maternal autoimmune disease.  

For Key Question 1: it appears that type 1 and type 2 diabetes cause placental injury via similar pathways with only one publication assessing their histopathology differences (34). The same group investigated placental histopathology according to varying degrees of hyperglycaemia.  Using HbA1c as a marker (24) they found no significant placental pathology differences with glucose in lower range (i.e. < 6.5%) vs higher range (i.e. > 8.5%).  Another recent randomized controlled trial showed metformin leads to reduced fetal growth in pregnancies affected by type 2 diabetes (35).  Further study is needed to explain this metformin effect on placental function and fetal growth.

For Key Question 2: placental stiffness measured in-vivo, our systematic search identified fewer than 10 participants with pre-existing diabetes for whom shear wave elastography (SWE) values were available.  We found no studies correlating histopathology findings with placental stiffness values (kPa or m/s) in women with pre-existing diabetes. Such questions remain unanswered, indicating a need for further studies to fill gaps in the literature.  We hypothesize that pre-existing diabetes contributes to early “placental stress” (1st trimester) but to date, SWE to detect this has not yet been studied.  

A review of mechanisms behind placental stress is beyond the scope of this review, however, some vascular components are worth noting.  The “feto-placental unit” is the crucial link to maternal circulation with both sides of this unit subject to hyperglycaemia.   Outside of pregnancy, maladaptive diabetic vascular processes (36) are well documented.  These include a reduction of nitric oxide, higher levels of free radicals, raised production of endothelial vasoconstrictors such as COX-2 and finally raised levels of free fatty acids.  It is plausible that vascular dysfunction through these mechanisms and others may contribute towards “placental stress”.  Women with type 2 diabetes have an underlying insulin resistance and hypercoagulable state – pregnancy exacerbates both, potentially causing further ischaemic stress to the fetoplacental unit.

Placental findings (elastography and histopathology) in women with hypertensive disorders of pregnancy or fetal growth restriction have been widely reported, but both these clinical syndromes become apparent quite late in gestation (2nd and 3rd trimester).  Pre-existing diabetes provides an opportunity to identify and/or intervene before clinical manifestations of “placental stress” may emerge.  Doppler studies of fetal and maternal vessels can be measured in high-risk pregnancies, providing some clinical value for predicting adverse outcomes – but these have not been compared to SWE and could represent an opportunity for further investigation.

Strengths and limitations
Our search of placental histopathology in women with diabetes is summarized in bar graph format to demonstrate the most consistently reported features.  There was significant heterogeneity in histopathologic reporting methodologies and in most reports, control group data were lacking.  Many reports used specialised histopathology techniques and we intentionally excluded these.  Our bar graphs are developed from studies reporting standard histopathology processing techniques only i.e. haematoxylin and eosin (H+E) staining of formalin fixed, paraffin embedded tissue.  We believe this to be a strength of this study as these techniques are most clinically relevant to a broad general surgical pathologist community.  Another key strength of this review is the meta-analysis of in-vivo placental elastography and stiffness scores in women with “high-risk” pregnancies.  To our knowledge, this is the first meta-analysis addressing this question.  

Limitations of placental histopathology evaluation include the inherent subjective descriptions and arbitrary cut-offs contributing to positive findings.  Underlying reporting bias is possible i.e. pathologists will identify features encountered in “traditional training”.  Delayed villous maturation for example may not be reported by general surgical pathologists but specialist perinatal pathologists will identify it. We found that unique stains (Masson’s and VVG) were conducted in some studies to detect collagen, elastin, and fibrin.  Analysis of these stains by image analysis is not currently used in standard clinical practice.  Increased automation in histopathology reporting may provide more objectivity in future research. Other specialized techniques using electron microscopy and immunohistochemistry are rarely used within standard clinical practice of placental reporting.  We recognise that our exclusion of these specialized techniques might be considered a limitation, as the entirety of literature is not captured.  International consortiums have attempted to develop global standards for placental pathology reporting.  The Amsterdam International Statement (25) and “synoptic reporting” framework from Benton et al (37) will aid consistency in future research.  Widespread adoption of these new reporting methodologies requires adjustment to training curricula, often a slow process.  


[bookmark: _Toc77513429]CONCLUSIONS
There are no pathognomonic histopathology findings suggestive of diabetes mellitus in the placenta.  Maternal conditions such as pre-eclampsia may demonstrate similar placental features under the microscope.  Women with fetal growth restriction and hypertensive disorders have higher placental shear wave elastography stiffness.  The current literature has not yet established placental shear wave elastography findings in women with diabetes.  Further studies are needed to investigate the effects of hyperglycaemia and its treatment (insulin, metformin, weight management) on placental structure, stiffness, and function.
[bookmark: _Toc77513431]
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Fig. 1 PRISMA flow diagram for the review (Key Question 1)


	
Figure A: Decidual vasculopathy in placenta from women with either T1DM or T2DM (n=720), GDM (n=248), T1DM (n=180), T2DM (n=243).
	
Figure B = Accelerated villous maturity in placenta from women with either T1DM or T2DM (n=513), T1DM (n=170), T2DM (n=221) and controls (n=77)

	
Figure C = Intervillous thrombi in placenta from women with either T1DM or T2DM (n=464), GDM (n=130), T1DM (n=117), T2DM (n=176) and controls (n=99)
	
Figure D = Subchorionic haematoma OR subchorionic fibrin deposition in placenta from women with either T1DM or T2DM (n=293), T1DM (n=117), T2DM (n=176) and mixed groups (n=21)

	
Figure E = Parenchymal infarct in placenta from women with either T1DM or T2DM (n=674), GDM (n=250), T1DM (n=291), T2DM (n=288), mixed groups (n=21) and controls (n=48)
	
Figure F = Perivillous fibrin in placenta from women with either T1DM or T2DM (n=390), GDM (n=2), T1DM (n=134), T2DM (n=176), mixed groups (n=19)


	
Figure G = Prominent septa / basal plate in placenta from women with either T1DM or T2DM (n=340), GDM (n=2), T1DM (n=134), T2DM (n=176), mixed groups (n=19)
	
Figure H = Tenney-Parker Changes / syncytial knots in placenta from women with either T1DM or T2DM (n=456), GDM (n=2), T1DM (n=134), T2DM (n=176) and controls (n=14)


Fig. 2A Histopathological features related to maternal vascular malperfusion

	
A = Chorangiosis OR Chorangioma OR Increased Villous Capillaries OR Chorangiomatosis in placenta from women with either T1DM or T2DM (n=544), GDM (n=250), T1DM (n=238), T2DM (n=243), mixed groups (n=21) and controls (n=125)
	
B = Villous congestion in placenta from women with either T1DM or T2DM (n=47), GDM (n=2), mixed groups (n=21) and controls (n=10)

	
C = Avascular villi in placenta from women with either T1DM or T2DM (n=446), GDM (n=2), T1DM (n=192), T2DM (n=176), mixed groups (n=21) and controls (n=48)

	



Fig. 3 Histopathological features related to fetal vascular malperfusion







	
A = Acute chorioamnionitis in placenta from women with either T1DM or T2DM (n=642), GDM (n=250), T1DM (n=233), T2DM (n=288) and controls (n=77)
	
B = Villitis of unknown aetiology in placenta from women with either T1DM or T2DM (n=596), GDM (n=126), T1DM (n=264), T2DM (n=258) and controls (n=115)

	
C = Fibrinoid necrosis in placenta from women with either T1DM or T2DM (n=105), GDM (n=2), T1DM (n=75) and controls (n=38)
	
D = Villous oedema in placenta from women with either T1DM or T2DM (n=340), GDM (n=2), T1DM (n=17) and mixed groups (n=42)

	
E = Delayed villous maturation in placenta from women with either T1DM or T2DM (n=627), GDM (n=250), T1DM (n=174), T2DM (n=112), mixed groups (n=52) and controls (n=65).

	


Fig. 4 Histopathological features related to infectious/inflammatory/other





Table 1. Description of studies included in bar-graph pictograms
	Reference
	Study population (N)
	Control group (N)
	Other study parameters

	(24) Starikov
	T1DM (117) and T2DM (176)
	6 controls
	Placental pathology compared to HbA1c groupings

	(38) Basnet
	T1DM and T2DM (76) mixed with GDM (130)
	99 controls
	

	(39) Huynh
	T1DM (36) and T2DM (37) mixed with GDM (126)
	Nil
	Two analyses were conducted.  One of the analysis excluded women with pre-eclampsia, the second included them.

	(40) Beauharnais
	T1DM (53) and T2DM (45)
	nil
	

	(41) Tewari
	T1DM and T2DM (30)
	30 controls
	

	(42) Higgins
	T1DM and T2DM (74)
	77 controls
	

	(43) Evers
	T1DM and T2DM (58)
	38 controls
	Women with pre-eclampsia were excluded

	(44) Saldeen
	T2DM (2) mixed with GDM (9) and impaired glucose tolerance IGT (10)
	10 controls
	

	(45) Younes
	T1DM and T2DM (13) mixed with GDM (18)
	17 controls
	

	(46) Barth
	T1DM and T2DM (47)
	nil
	

	(47) Honda
	T1DM and T2DM (21)
	14 controls
	

	(48) Clarson
	T1DM and T2DM (19)
	11 controls
	

	(49) Jacoma
	T1DM and T2DM (42)
	20 controls
	

	(50) Fox
	T1DM and T2DM (48)
	234 controls
	


TIDM = Type 1 diabetes; T2DM = Type 2 diabetes





Excluded = 6

154 duplicates removed

Excluded=12
(Ex-vivo studies=7
Normal placental studies=3, Strain elastography=2)




Fig. 5 PRISMA flow diagram for the review (Key Question 2)
Table 3. Characteristics of selected studies N=15
	Condition
	Author/year
	Country
	Gestational age
	Method
	Histopath exam

	N

	
	
	
	
	
	
	

	
	
	
	
	
	
	Cases
	Controls

	Diabetes Mellitus (GDM+ODIP+PDM)
	Ohmaru/2015
	Japan
	17–40*
	VTTQ
	Yes
NP=12
DM=No
	13
	143

	GDM
	Bildaci/2017 (IADPSG criteria)
	Turkey
	24–28
	ARFI
	No
	21
	70

	
	Yuksel/2016 (CC criteria)
	Turkey
	30.5*
	SWE
	No
	33
	43

	FGR/IUGR
	Akbas/2019 
	Turkey
	
	pSWE
	
	66
	81

	
	Habibi/2017
	Turkey
	25–33
	SWE
	No
	42
	42

	
	Ohmaru/2015
	Japan
	17–40*
	VTTQ
	Yes
	21
	143

	PIH/
Gestational HTN/
Preeclampsia
	Ohmaru/2015
	Japan
	17–40*
	VTTQ
	Yes
	15
	143

	
	Karaman/2016
	Turkey
	28–40
	ARFI
	No
	34
	38

	
	Alan/2016
	Turkey
	23–37
	ARFI
	No
	42
	44

	
	Cimsit/2015
	Turkey
	20–23
	SWE
	No
	28
	101

	
	Fujita/2019
	Japan
	16–32
	pSWE
	No
	13
	Low risk, no PE=181
High risk, no PE=27

	
	Karaman/2016
	Turkey
	28–40
	ARFI
	No
	35
	38

	
	Kilic/2015
	Turkey
	23–37
	SWE
	No
	23
	27

	Placenta previa/accreta
	Alici Davutoglu/2018
	Turkey
	--
	SWE
	No
	13 with acrreta, 13 without
	43

	Placental accreta spectrum
	Cim/2018
	Turkey
	28–35
	VTTQ
	No
	24
	34

	Collagen disease
	Ohmaru/2015
	Japan
	17–40*
	VTTQ
	No
	7
	143

	Single umbilical artery
	Arslan/2019
	Turkey
	18–22
	VTTQ
	No
	20
	20

	fetal/ structural anomalies
	Alan/2016
	Turkey
	18–28*
	ARFI
	No
	40
	34

	Hydrops fetalis
	Cetin/2017
	Turkey
	3rd trimester
	ARFI
	No
	Rh-nonhydropic foetus = 14
Rh-hydropic = 16
	28



SWV=Shear wave velocity; m/s= meter per second; kPa=kilopascal; * No correlation between gestational age and SWV; VTTQ=Virtual touch tissue quantification; GDM=Gestational diabetes mellitus; FGR=fetal growth restriction; IUGR=Intra uterine growth restriction; PIH= Pregnancy induced hypertension; NS= Nonsignificant; pSWE= point shear wave elastography; ARFI= Acoustic radiation force impulse; SWE=Shear wave elastography; CC criteria=Carpenter and Coustan criteria; †median with inter-quartile range; ‡mean ( range); § median (minimum–Maximum)











A. Maternal conditions
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B. Fetal conditions
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Fig. 6 and Fig. 7. Forest plot comparing placental elasticity (Shear wave velocity (kPa) between normal and high-risk pregnancies. 
CD=Collagen disease; FGR=Fetal growth restriction; GDM=Gestational diabetes mellitus; HF=Hydrops fetalis; IUGR=Intra uterine growth retardation; GHTN=Gestational hypertension; ODIP=Overt diabetes in pregnancy; PDM=Preexisting diabetes mellitus; PIH=Pregnancy induced hypertension; HRP=High-risk pregnancy; FSA=Fetal structural anomalies; PP=Placenta previa; SUA=Single umbilical artery; PIA=Placenta accreta spectrum

Table S1. Studies excluded from bar graph data (Placental pathology in women with diabetes). 

	Year
	First Author
	Summary of placental findings.
	Additional Comments

	2017
	Akarsu, S.(51)
	Placenta exposed to hyperglycaemia had increased expression of VEGF and caspase 9 activity - markers of angiogenesis.
	Rinse in phosphate buffered saline, then fixed in paraformaldehyde - followed by electron and light microscopy.  Immunohistochemistry (IHC) for VEGF and caspase 9 activity.

	2016
	Jirkovská, M.(52)
	Ki67 expression (a marker of proliferation) may be reduced in placenta exposed to hyperglycaemia
	IHC staining for Ki67, nestin and active-caspase-3.  Activity measured by number of active sites per field of view (light microscopy)

	2012
	Shams, F.(53)
	Fibrinoid necrosis and hyalinization were both observed.  Fibrinoid necrosis was more suggestive of hyperglycaemia, hyalinization suggestive of hypertension.
	Routine staining with haematoxylin and eosin (H+E).  Number of “abnormal” findings compared to “normal” findings not reported and therefore data could not be included.

	2012
	Jirkovská, M.(54)
	Exposure to hyperglycaemia led to more sprouting angiogenesis in the terminal villi.   Each villous in these placenta had increased surface area.
	Picrosirius staining, vimentin and desmin immunohistochemistry and confocal microscopy. 3D models of villi and villous capillaries were constructed from stacks of confocal optical sections.

	2012
	Gheorman, L.(55)
	Villi exposed to hyperglycaemia were oedematous, showed fibrinoid necrosis, and were immaturely developed.
	Routine H+E stains as well as non-routine Alcian Blue and Periodic acid–Schiff (PAS) stains.  Examination by light microscopy only.

	2011
	Dubova, E. A.(56)
	The villi were immature and oedematous.  There was reduced intervillous space and increased branching angiogenesis
	Routine H+E stains.  Also villous vessels identified using mouse antibodies to CD34 (clone QBEnd/10) and polymer-based detection system (Spring Bioscience). Morphometry of slides using an image analysis system

	2009
	Nelson, S. M.(57)
	Placenta had increased mass and increased intervillous space
	Stereological techniques to quantify volumes and surface areas of key placental components

	2006
	Jauniaux, E.(58)
	Increased placental volume, volumes of the intervillous space and the trophoblast was found in the diabetic group compared to the controls. A significant reduction in the villous membrane specific diffusing capacity was observed between the diabetic and control group
	Morphometric analysis.

	2005
	Maly, A.(59)
	The placenta showed reduced villous vascular volume
	H+E stains combined with computer based image analysis to estimate villous volumes.

	2003
	Szukiewicz, D.(60)
	The placenta showed increased presence of mast cells and increased expression of VEGF
	IHC for VEGF plus stains for H+E, toluidine blue or alcian blue

	2003
	Mayhew, T. M.(61)
	Peri-villous fibrin type fibrinoid were greater in diabetes
	Masson’s staining, stereological methods to measure distances between placental structures

	2002
	Mayhew, T. M.(62)
	Fetal capillaries had increased volume
	Masson’s staining along with stereological methods to measure villous features.

	2000
	Mayhew, T. M.(63)
	There was increased villous volume and increased intervillous space
	Volume densities of villi (terminal/intermediate) estimated by test point counting.  Similar methods for estimation of intervillous spaces and perivillous fibrin-type fibrinoid deposits.  Measurement of point- and intersection-sampled intercepts to calculate theoretical numbers of pores.  Model-based estimates (cylinder model) of the hydraulic diameters and lengths of pores were also made.

	1998
	Mayhew, T. M.(64)
	There was increased villous volume and increased intervillous space
	Masson’s staining, stereological methods to measure distances between placental structures.

	1994
	al-Okail, M. S.(65)
	Fibrin thrombi, thickening of basement and villous oedema were all observed 
	H+E stains, Mallory trichrome and Mallory-Azan stains – examination with light microscopy.

	1993
	Mayhew, T. M.(66)
	Placenta had increased mass and increased fetal capillary volume
	Masson’s staining along with stereological methods to measure villous features

	1993
	Jones, C. J.(67)
	Increased glycogen deposits were seen
	Best’s Carmine staining, PAS staining examination under light microscopy.

	1991
	Jirkovská, M. (68)
	There was increased number of capillaries in terminal villi
	Electron microscopy examination

	1988
	Stoz, F. (69)
	Terminal villi had increased surface area
	Histometry with semi-automatic Kontron Videoplan unit equipped with special software program

	1987
	Stoz, F.(70)
	Terminal villi had increased surface area
	Histometry with semi-automatic Kontron Videoplan unit equipped with special software program

	1987
	Laurini, R. N. (71)
	Villi were immature, syncytial knots were seen and basement membranes were thickened.
	Light microscopy and electron microscopy, toluidine blue staining.

	1986
	Boyd, P. A.(72)
	Villi had increased surface area. 
	Quantitative morphometry 

	1985
	Teasdale, F.(73)
	There was relative increase of peripheral villous and capillary surface areas and intervillous space. Fibrin deposits and infarcts also seen.
	Histomorphometric analyses

	1986
	Teasdale, F. (74)
	Villi and total trophoblast had increased surface area
	Electron microscopy with toluidine blue stain

	1984
	Björk, O.(75)
	Increased branching of terminal villi was seen.
	Fresh placenta examination under light microscope, no staining

	1982
	Björk, O.(76)
	Villi were immature and syncytial knots were seen.
	Fresh placenta examination under light microscope, no staining

	1983
	Teasdale, F.(77) 
	Placenta had increased mass (from large for gestational age babies).  This was due to significant accumulation of non-parenchyma and only moderate increase in parenchymal tissues. Fibrin deposits and infarcts were also seen
	Histomorphometric analyses

	1981
	Teasdale, F.(78)
	Diabetic placentas had more parenchymal and villous tissues and a higher cellular content There was more peripheral and villous capillary surface areas 
	Histomorphometric analyses

	1982
	Asmussen
	Terminal villi were immature and glycogen deposits were seen.  There was increased vascularization in each terminal villous
	





Table S1 Continued – Studies excluded from bar graph data (Placental pathology in women with diabetes). 




Appendix S1

Table S2. Search strategy for Key Question 1
	Search strategy
	PubMed
	Embase
	Medline
	Cochrane Library

	Search date
	12/7/2020
	12/7/2020
	12/7/2020
	12/7/2020

	Diabetes mellitus
	498,360

	589,317
	437,003
	62,727

	Placenta
	100,238
	70,976
	99,859
	2996

	Histopathology
	3,556,918
	606,230
	130,600
	7914

	Combined search 

	Diabetes mellitus AND placenta AND histopathology
	573
	61
	31
	0

	Filters (English/female/humans)
	389
	16
	20
	--

	All references
	389
	405
	424
	410

	Duplicates
	
	1
	14
	

	Final references 
	
	404
	410
	410



Appendix S1

Table S3. Search strategy for key question 2

	PubMed Search

	No
	Search 
	Results

	1
	Elastography 
	12,423

	2
	Stiffness
	74,706

	3
	Elasticity
	125,863

	4
	 Kpa
	17,469

	5
	Kilopascals
	339

	6
	Placenta
	99,767

	7
	(elastography OR stiffness OR Elasticity OR kpa OR kilopascals)
	198,401

	8
	(elastography OR stiffness OR Elasticity OR kpa OR kilopascals) AND placenta
	245

	Embase search 

	1
	elastography/
	12,644

	2
	elasticity/
	37,905

	3
	stiffness.mp. or rigidity/
	126,574

	4
	kpa.mp.
	24,347

	5
	kilopascal.mp. or pressure/
	61,297

	6
	placenta/
	70,663

	7
	1 or 2 or 3 or 4 or 5
	241,676

	8
	6 and 7
	203

	9
	limit 8 to (human and English language)
	125

	MEDLINE search 

	1
	elastography.mp. or Elasticity Imaging Techniques/
	11,717

	2
	Elasticity Imaging Techniques/ or Elasticity/ or elasticity.mp.
	58,436

	3
	stiffness.mp.
	66,925

	4
	kpa.mp.
	17,305

	5
	kilopascal.mp.
	109

	6
	Placenta/
	52,484

	7
	1 or 2 or 3 or 4 or 5
	130,126

	8
	6 and 7
	87

	9
	Limit 8 to (English language and humans)
	69

	COCHRANE LIBRARY 

	1
	Elastography
	474

	2
	Stiffness
	9138

	3
	Elasticity
	1816

	4
	Kpa
	1746

	5
	Kilopascal
	17

	6
	#1 or #2 or #3 or #4 or #5 
	12409

	7
	Placenta
	2821

	8
	(#1 or #2 or #3 or #4 or #5) AND #7
	13



Table S4
Risk of bias assessment:  Key Question 1
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Table S5
Risk of bias assessment:  Key Question 2
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Records identified through database search=455
Records identified through manual search=1


302 Titles screened for relevance


33 Abstracts screened for relevance


Full-texts screened=27


Studies included = 15 for meta-analysis
Quantitative synthesis = 14 
Authors of 15th study could not provide complete data


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.1763888888888889	0.16666666666666666	0.31687242798354093	1.6129032258064523E-2	0	0	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.14035087719298245	0.16470588235294173	0.12217194570135771	5.1948051948051951E-2	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.15517241379310345	0.11965811965811966	0.15909090909090962	0.16923076923076918	7.0707070707070704E-2	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	9.556313993174062E-2	6.8376068376068383E-2	0.11363636363636358	0.42857142857142855	0.2	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.14985163204747828	9.9656357388316782E-2	0.19791666666666671	0.16	0.14285714285714352	6.25E-2	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.31282051282051437	0.32089552238806085	0.25	1	1	0	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.55294117647059227	0.55223880597014929	0.47727272727272846	1	1	0	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.33333333333333331	0.32835820895522544	0.32954545454545481	1	0	0.35714285714285876	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.20036764705882354	0.28571428571428698	0.24691358024691423	0.38400000000000101	0.19047619047619127	7.1999999999999995E-2	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	1	1	0.61904761904761962	0.4	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.18834080717488791	0.16145833333333387	6.25E-2	1	0.47619047619047705	0.27083333333333326	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.13551401869158877	0.13733905579399144	0.16319444444444492	0.17200000000000001	0.12987012987012986	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.11073825503355712	0.12121212121212155	0.12015503875969002	0.20634920634920687	0.1304347826086957	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.9142857142857147	0.88	1	1	0.52631578947368418	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.53235294117647058	1	1	0.55737704918032749	


T1DM + T2DM (cumulative)	T1DM	T2DM	GDM	T2DM/T1DM/GDM mixed	controls	0.21212121212121221	0.45402298850574835	9.8214285714285726E-2	0.90400000000000003	0.73076923076923073	0.30769230769230782	
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Does the patient(s) represent the whole experience of the investigator (centre) Y Y Y Y N Y Y N CD Y CD CD CD CD
Is the selection method unclear to the extent that other patients with similar presentation may not have been reported?N N N N N N N Y N N N N N N
Was the exposure adequately ascertained? Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Was the outcome adequately ascertained? Y Y Y Y Y Y Y Y Y Y Y Y Y Y
Were other alternative causes that may explain the observation ruled out? (usually for drug events)  pre-eclampsia but DM is a RF for PETNR NR NR NR CD NR Y Y NR NR Y NR NR Y
Was there a challenge / rechallenge phenomenon? (usually for drug events) NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Was there a dose-response effect? (usually for drug events) NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Was follow-up long enough for outcomes to occur? (not relevant because placenta assessed at delivery) NA NA NA NA NA NA NA NA NA NA NA NA NA NA
Is the case(s) described with sufficient details to allow other investigators to replicate the research? N N N Y Y Y Y Y Y Y Y Y Y Y
Is the case(s) described with sufficient details to allow practitioner inferences related to their own practice? Y Y Y Y Y Y Y Y Y Y Y Y Y Y



OVERALL RATING GOOD/FAIR/POOR FAIR FAIR FAIR GOOD GOOD GOOD GOOD POOR FAIR GOOD GOOD FAIR FAIR GOOD



KEY:
Yes = Y
NO = N
Cannot determine = CD
Not applicable = NA
Not reported = NR
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