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CONDENSATION 27 

Prophylactic low molecular weight heparin (LMWH) may augment deficient circulating 28 

placental growth factor (PlGF) in second trimester high-risk pregnancies and may  29 

prolong pregnancy compared with untreated patients. 30 

 31 

SHORT TITLE  32 

Low molecular weight heparin in pregnancies at risk of placental dysfunction. 33 

 34 

AJOG at a Glance 35 

A. Why was this study conducted?  36 

 Meta-analysis of randomized control trials suggests that a sub-group at highest 37 

risk of developing severe early-onset preeclampsia may benefit from LMWH in 38 

addition to low-dose aspirin but the underlying mechanism of action of LMWH in 39 

this context is unknown. 40 

 Women that develop severe early-onset preeclampsia have low maternal 41 

circulating Placenta Growth factor (PlGF) levels at presentation and prior to 42 

disease onset.  43 

 Low molecular weight heparin (LMWH) exerts several non-anticoagulant actions 44 

in-vitro, including an ability to enhance PlGF release by placental villi and the 45 

maternal vascular endothelium   46 

B. What are the key findings?  47 
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 A reference range for maternal circulating PlGF was generated for unselected 48 

nulliparous Caucasian women at 12-36 week’s gestation. 49 

 In a small number of patients at high risk of placenta-mediated adverse 50 

pregnancy outcomes and low circulating PlGF in the early second trimester, the 51 

administration of LMWH induced sustained elevations in PlGF. 52 

C. What does this study add to what is already known? 53 

 Future trials evaluating the potential benefits of LMWH for the prevention of 54 

placenta-mediated complications should consider recruitment of women in the 55 

early second trimester with low circulating PlGF, so as to focus on those at 56 

highest risk . 57 

 58 

 59 

 60 

  61 
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ABSTRACT:  62 

Background: Patients at high risk of severe preeclampsia and/or fetal growth restriction 63 

have low circulating levels of placental growth factor (PlGF) and features of maternal 64 

vascular malperfusion placental pathology at delivery. Multi-modal screening and 65 

commencement of aspirin prophylaxis at 11-13 weeks’ gestation significantly reduces 66 

the risk of preterm delivery with preeclampsia. However, the additional role of low 67 

molecular weight heparin (LMWH) and mechanisms of action remain uncertain. Since 68 

LMWH augments the production and release of PlGF in-vitro by both placental villi and 69 

vascular endothelium, it may be effective to suppress the risk of severe preeclampsia in 70 

a niche group of high-risk patients with low circulating PlGF in the early second 71 

trimester. 72 

 73 

Objectives: The purpose of the study was to define a gestational age-specific reference 74 

range for PlGF and to test the hypothesis that prophylactic LMWH administered in the 75 

early second trimester may restore deficient circulating PlGF levels and thereby prolong 76 

pregnancy.  77 

 78 

Study Design: Centile curves for circulating PlGF levels from 12-36 weeks’ gestation were 79 

derived using quantile regression of combined data from a published cohort of 4207 80 

unselected nulliparous patients in Cambridge, U.K. at four sampling time points (12, 20, 81 

28, 36 weeks’ gestation) and the Caucasian majority (n= 531) of a healthy nulliparous 82 

cohort in Toronto, Canada at 16 weeks’ gestation using the same test platform.  Within 83 
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a specialty high-risk clinic in Toronto, a niche group of seven patients with a circulating 84 

PlGF <10th centile in the early second trimester received daily prophylactic LMWH 85 

(enoxaparin; 40mg subcutaneously) and were followed until delivery (Group 1). Their 86 

baseline characteristics, delivery details and placental pathologies were compared with 87 

five similar patients who did not receive LMWH during the observation period (Group 2), 88 

and with a further 21 patients delivered with severe preeclampsia (Group 3) in the same 89 

institution.  90 

 91 

Results: A gestational age-specific reference range for PlGF levels at weekly intervals 92 

between 12-36 weeks was established for Caucasian women with singleton pregnancies. 93 

Within Group 1, five of seven patients demonstrated a sustained increase in circulating 94 

PlGF levels, while PlGF levels did not increase in Group 2 or Group 3 patients that did 95 

not receive LMWH. Group 1 patients receiving LMWH therapy exhibited a later 96 

gestation at delivery, relative to Groups 2 and 3 (36 weeks [33–37] versus 23 weeks [22–97 

26] and 28 weeks [27-31], respectively), and consequently had higher birthweights (1.93 98 

kg [1.1–2.7] versus 0.32 kg [0.19–0.39] and 0.73 kg [0.52-1.03], respectively). The 99 

incidence of stillbirth was lowest in Group 1 (14% (1/7)), relative to Groups 2 and 3 (80% 100 

(4/5) and 29% (6/21), respectively). Maternal vascular malperfusion was the most 101 

common placental pathology found in association with abnormal uterine artery Doppler. 102 

 103 

Conclusions: In patients at high risk of a serious adverse pregnancy outcome due to 104 

placental disease, the addition of LMWH to aspirin prophylaxis in the early second 105 
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trimester may restore deficient circulating PlGF to mediate an improved perinatal 106 

outcome. These data support the implementation of a multicenter pilot randomized 107 

control trial where patients are recruited primarily based on the assessment of placental 108 

function in the early second trimester. 109 

 110 

Key words: Preeclampsia/eclampsia; Growth restriction; Biomarkers; 111 

Treatment/management; Placental pathology 112 

  113 
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INTRODUCTION 114 

Placental growth factor (PlGF) is a pro-angiogenic protein produced by both the 115 

maternal vascular endothelium and the trophoblast layer covering the placental villi1, 2. 116 

Circulating PlGF levels rise steadily in maternal blood until the beginning of the 3rd 117 

trimester, reflecting both the development of the uteroplacental circulation and 118 

placental growth3, 4. Between 20-36 weeks’ gestation, a single cut-off value of 100 119 

pg/mL has high diagnostic test precision for patients with suspected preeclampsia and 120 

placenta-mediated fetal growth restriction5, 6. Consequently, real-time PlGF testing is an 121 

effective clinical management tool for high-risk pregnancy management7.  122 

Prior to 20 weeks’ gestation, PlGF measurements may be useful to screen 123 

pregnancies for significant placental dysfunction causing early-onset preeclampsia, for 124 

example, in combination with clinical risk factors and mean uterine artery Doppler at 16 125 

weeks’8, 9. Multi-modal screening at an earlier gestation of 11-13 weeks’ gestation, 126 

incorporating PlGF and pregnancy-associated placental protein-A [PAPP-A] with mean 127 

uterine artery Doppler, blood pressure and maternal characteristics, is an effective tool 128 

to prevent preterm delivery due to severe preeclampsia with the institution of low dose 129 

aspirin prophylaxis10-12. Despite this important advancement, aspirin is not universally 130 

effective and may be of no benefit in specific subgroups, such as patients with chronic 131 

hypertension13. Comprehensive assessment of more complex high-risk individuals on 132 

aspirin prophylaxis at 16 weeks may identify those destined to fail treatment and deliver 133 

preterm with placenta-mediated complications.  134 



 9 

The dominant placental pathology underlying severe early-onset preeclampsia is 135 

termed maternal vascular malperfusion (MVM)14.  This complex disease is a 136 

constellation of gross and microscopic pathological findings initiated by diseased spiral 137 

arteries, whereby the injured placenta secretes reduced amounts of PlGF followed by 138 

excessive amounts of the vascular endothelial growth factor (VEGF) antagonist sFlt-18, 15, 139 

16.  Though aspirin is principally known to be an anti-platelet agent, the beneficial 140 

actions of aspirin in the context of preeclampsia prevention are largely unknown.  141 

 Low molecular weight heparin (LMWH) is a complex macromolecule, frequently 142 

prescribed safely in pregnancy for its anticoagulant properties. However, LMWH is also 143 

capable of exerting a range of non-anticoagulant actions that are highly relevant to the 144 

maternal circulatory and placental pathogenesis of severe preeclampsia summarized in 145 

Figure 1. These actions include stimulation of PlGF production by explanted human 146 

placental villi and the vascular endothelium1, 17, 18. Favorable acute vascular changes 147 

accompany augmented PlGF levels following bolus administration of LMWH to pregnant 148 

patients at risk of severe placental dysfunction19, while pregnant patients chronically-149 

anticoagulated with higher dose LMWH exhibit significant elevations in circulating 150 

PlGF20. Collectively, these data form a compelling argument in favor of exploring the 151 

potential value of LMWH to reduce disease severity in a sub-group of patients 152 

considered most at risk of early-onset preeclampsia, a conclusion that is supported by 153 

the most recent meta-analysis of randomized controlled trials21, 22. 154 
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Based on these observations, our goal was to explore the potential of daily 155 

LMWH administration to restore deficient circulating levels of PlGF of clinically high-risk 156 

patients, beginning in the second trimester.  157 
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MATERIALS AND METHODS 158 

PlGF Reference Range 159 

A reference range for placental growth factor (PlGF) was constructed by merging data 160 

from two studies of unselected nulliparous patients using the same assay method 161 

(Roche). Data at four sampling time points (12, 20, 28, 36 weeks’ gestation) from a 162 

cohort of 4207 unselected nulliparous patients in Cambridge U.K. (92% Caucasian)23 163 

were combined with data at the single time point of 16 weeks’ gestation from the 164 

Caucasian majority (531/773; 68.7%) within a healthy nulliparous cohort in Toronto, 165 

Canada24. The PlGF assay coefficient of variation was 2.7-4.1%  in the Cambridge study3 166 

and 3.8-6.7% in the Toronto study24. 167 

 168 

Study Population 169 

We conducted a single-center pilot observational study within a Maternal-Fetal 170 

Medicine Placenta Clinic program of care focused on placental dysfunction disorders14. 171 

Eligible patients included those over 18 years of age with a live singleton fetus and 172 

followed in the period between July 2017 to March 2021. Patients were not eligible if 173 

already on LMWH therapy for a maternal indication or if previously diagnosed with a 174 

major thrombophilia disorder or anti-phospholipid syndrome. Approval by the Research 175 

Ethics Board of Mount Sinai Hospital was obtained (REB 20-0067-E). Patients at high risk 176 

of severe placental dysfunction in the current pregnancy, based on pre-pregnancy 177 

health and obstetric history received low dose (162 mg nightly) aspirin prophylaxis for 178 

preeclampsia from 12 weeks’ gestation as part of standard clinical management10. At 179 
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the 16-week assessment, each patient completed an early placental health assessment 180 

comprising fetal biometry, amniotic fluid and mean uterine artery Doppler ultrasound. 181 

Mean uterine artery pulsatility index (PI) values >95th centile were considered 182 

abnormal25.  Based on prior cohort data, we included same-day placental growth factor 183 

(PlGF) testing, as this test became available for the real-time management of high-risk 184 

pregnant patients in 2017 using the Elecsys platform (Roche Diagnostics, Penzberg, 185 

Germany)7, 8. PlGF values below the 10th centile at 16 weeks’ gestation were considered 186 

abnormal. Between July 2017 and March 2021, 12 pregnant patients were identified for 187 

study inclusion with PlGF results <10th centile between 16 – 20 weeks’ gestation.  188 

An additional cohort of 21 high-risk pregnant patients were identified between 189 

20 – 24 weeks’ gestation with low circulating PlGF (< 100 pg/mL) who were not on 190 

LMWH therapy and subsequently developed early-onset preeclampsia with delivery <34 191 

weeks’ gestation. All patients received standardized high-risk obstetrical care in Mount 192 

Sinai Hospital by a group practice of three Maternal-Fetal Medicine physicians with 193 

appointments every 2-4 weeks and delivered at the same hospital14. Following delivery, 194 

the placenta was sent for histopathology testing by a dedicated perinatal pathologist 195 

blinded to treatment during pregnancy. This observational study was not registered as a 196 

clinical trial, as LMWH therapy is approved for use in high-risk pregnant patients for the 197 

prevention of placental complications, including preeclampsia26. 198 

 199 

Study Intervention 200 
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Based on prior experimental data supporting the therapeutic potential of LMWH to 201 

restore circulating PlGF19, 20, the option of adjunctive prophylactic LMWH (enoxaparin 40 202 

mg/day subcutaneously) for the prevention of preeclampsia was reviewed with 12 203 

patients that had low circulating PlGF before 20 weeks’ gestation. Of these, seven 204 

received prophylactic LMWH therapy in addition to aspirin and five continued aspirin 205 

alone. Five patients who initiated LMWH therapy had two PlGF tests between 16 – 20 206 

weeks’ gestation <10th centile, while two had a single abnormal PlGF test. An additional 207 

21 high-risk pregnant patients with low PlGF levels between 20 – 24 weeks’ gestation 208 

who did not initiate LMWH therapy and subsequently developed early-onset 209 

preeclampsia with delivery <34 weeks’ gestation were identified. All participants 210 

continued to receive Maternal-Fetal Medicine obstetric care at the Placenta Clinic, with 211 

appointments every 2-4 weeks, and delivered at Mount Sinai Hospital.  212 

 213 

Outcomes 214 

The primary outcome of this pilot observational study was change in circulating 215 

maternal PlGF levels in response to LMWH, measured every 2-4 weeks in the Placenta 216 

Clinic appointments. Maternal PlGF levels after 16 weeks’ gestation were overlaid on 217 

the newly derived reference range for comparative purposes. Secondary outcomes 218 

included change in mean uterine artery Doppler PI, gestational age at delivery, maternal 219 

and perinatal outcomes, and placental pathology diagnosis. Preeclampsia was defined 220 

as systolic blood pressure ≥140 mmHg or diastolic blood pressure ≥90 mmHg on 2 221 

occasions at least 4 hours apart after 20+0 weeks’ gestation, with evidence of related 222 
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organ injury: proteinuria (urine protein:creatinine ratio ≥30 mg/mmol), 223 

thrombocytopenia (platelets <100×109/L), renal compromise (serum creatinine ≥1.1 224 

mg/dL), or impaired liver function (AST ≥70 U/L or ALT ≥70 U/L)27. Placental pathology 225 

diagnoses were established according to the Amsterdam Criteria of Standardized 226 

Placental Classification28.  227 

 228 

Statistical Analysis 229 

The reference range of PlGF levels across gestation in healthy pregnant patients 230 

generated by the Cambridge, United Kingdom cohort and the Caucasian majority of the 231 

Toronto, Canada cohort was described by quantile regression curves using the LMS 232 

method described by Cole and Green29, and implemented in the gamlss package30 233 

within the R statistical computing system (Version 4.0.2.)31. The flexibility of the quantile 234 

curves was controlled by 5 degrees of freedom, to reflect the five broad groupings of 235 

gestational ages across the Cambridge and Toronto datasets and so to ensure smooth 236 

transition across areas where the data are sparse. Quantile regression curves are shown 237 

on the plot for the median (blue, dashed), lower 10% (green, dotted) and 5% (red, full). 238 

PlGF derived from non-Caucasian patients in the Toronto, Canada cohort were excluded 239 

due to published variation in circulating PlGF at 16 weeks’ gestation across ethnic 240 

groups and to align with the ethnic composition of the Cambridge, United Kingdom 241 

cohort32. No comparative statistics of the three study groups are presented due to the 242 

limited sample size. 243 

  244 
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RESULTS 245 

PlGF Reference Range 246 

The gestational age-specific reference range for PlGF levels together with the 50th, 10th, 247 

5th and 2.5th centile are shown in Figure 2. Specific cut-off values for each week of 248 

gestational age between 12-36 weeks are shown in Table 1.  249 

 250 

Pregnant Patients at Risk of Placental Dysfunction 251 

Table 2 summarizes demographic characteristics and obstetric history, with patients 252 

stratified into three groups: patients with low PlGF levels in the early second trimester 253 

who initiated LMWH therapy (Group 1), patients with low PlGF levels in the early second 254 

trimester who did not initiate LMWH therapy (Group 2) and patients with low PlGF 255 

levels in the late second trimester who did not initiate LMWH therapy and developed 256 

early-onset preeclampsia (Group 3). Group 3 patients were initially assessed and 257 

identified at a later gestational age than patients in Groups 1 and 2.  258 

 259 

Maternal Circulating PlGF following LMWH Administration 260 

Figure 3 displays individual circulating PlGF results as gestation advanced in patients 261 

with severe placental dysfunction. Five of seven patients in Group 1 exhibited increases 262 

in circulating PlGF following initiation of LMWH, which ultimately decreased as 263 

gestational age advanced. In contrast, no patients in Group 2 demonstrated a notable 264 

rise in circulating PlGF. Patients in Group 3, with an initial PlGF test completed ≥20 265 

weeks’ gestation, exhibited a similar trend as Group 2. Longitudinal PlGF values across 266 
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gestation are shown in Figure 4 by patient group with the superimposed 2.5th, 5th and 267 

10th centiles of the newly derived PlGF reference curve from Figure 2.  268 

 269 

Pregnancy Outcomes 270 

Table 3 shows maternal, fetal and delivery outcomes together with placental pathology 271 

findings. Patients in Group 1 exhibited a later gestational age at delivery, relative to 272 

Groups 2 and 3 (36 weeks [33–37] versus 23 weeks [22–26] and 28 weeks [27-31], 273 

respectively). Birthweights were higher in Group 1 pregnancies, relative to Groups 2 and 274 

3 (1.93 kg [1.1–2.7] versus 0.32 kg [0.19–0.39] and 0.73 kg [0.52-1.03], respectively). The 275 

incidence of stillbirth was lowest in Group 1, relative to Groups 2 and 3 (14% versus 80% 276 

and 29%, respectively).  277 

Maternal vascular malperfusion was the predominant principal placental pathology in all 278 

patients, with highest incidence in Group 3, relative to Groups 1 and 2 (90% versus 43% 279 

and 40%, respectively). In Group 1, both patients with normal mean uterine artery 280 

Doppler were found to each have a rare placental pathology diagnosis (peri-villous fibrin 281 

deposition; chronic histiocytic inter-villositis) while the remaining five with abnormal 282 

mean uterine artery Doppler expressed features of MVM pathology. Mean uterine 283 

artery pulsatility index across gestation stratified by placental pathology and LMWH 284 

therapy is presented in Supplementary Figure 1. 285 

 286 

287 
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COMMENT 288 

Principal Findings  289 

The principal findings of the study are threefold. First, we merged data from two cohort 290 

studies of healthy nulliparous patients to create a reference curve for clinicians to 291 

interpret circulating placental growth factor (PlGF) on a weekly basis between 12-36 292 

weeks’ gestation. Second, our approach to the assessment of placental function at 16 293 

weeks’ gestation through PlGF testing identified patients at high risk of placental 294 

dysfunction destined to have adverse placenta-mediated pregnancy outcomes despite 295 

aspirin prophylaxis. Finally, the administration of prophylactic daily LMWH to a small 296 

group of women with low circulating PlGF in the early second trimester resulted in 297 

sustained elevations in circulating PlGF. 298 

 299 

Limitations 300 

We acknowledge that these are preliminary proof of principal findings, limited by 301 

sample size and study design. Our data cannot be interpreted as a recommendation for 302 

the use of LMWH to improve placental function and therefore clinical outcomes in high-303 

risk pregnancy care. Although all high-risk pregnant patients in our study were identified 304 

through serial PlGF testing and ultrasound imaging, we acknowledge that there may 305 

have been inherent differences between patients who did and did not consent to 306 

initiate LMWH therapy; for example, baseline PlGF levels appear to be higher in patients 307 

in Group 1, relative to patients in Group 2, while PAPP-A multiple of median values were 308 

lowest in Group 2. 309 



 18 

 310 

Results in the Context of What is Known  311 

By applying quantile regression analysis to PlGF data merged from two prospective 312 

cohorts of nulliparous Caucasian women, we established a continuous reference range 313 

between 12-36 weeks’ gestation. We restricted the construction of the reference range 314 

to these two cohorts due to their adequate size and uniformity of assay manufacturer, 315 

since assay type is a source of data variability.33 Previous studies have grouped 316 

reference PlGF values into blocks of time4, 34-36, though one study used quantile 317 

regression to derive a reference range for PlGF using serial samples from 180 318 

uncomplicated pregnancies beginning at 12 weeks’ gestation37. Burke et al. merged data 319 

derived from 4 test platforms across 22 studies into a continuous reference range, 320 

however this analysis commenced from 20 weeks’ gestation, and is therefore of no 321 

value in the context of assessing placental function in the early second trimester38. In 322 

contrast to the use of a pragmatic single cut-off diagnostic value of 100pg/ml for PlGF at 323 

20-36 weeks, when circulating PlGF has achieved a plateau, a continuous reference 324 

range resource during the rising phase of PlGF in the early second trimester is a 325 

necessity in order to use serial PlGF to screen high-risk women on aspirin for severe 326 

placenta-mediated adverse outcomes4. This resource is, however, limited by the use of 327 

one test platform and being predominantly derived from Caucasian patients. A recent 328 

investigation determined that circulating PlGF levels at 16 weeks of gestation varied 329 

significantly by ethnicity32; further studies involving adequate numbers of specific ethnic 330 
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groups are warranted, especially since some non-Caucasian  groups are especially 331 

vulnerable to developing severe preeclampsia.  332 

  333 

Several investigators have demonstrated an association between the abnormal 334 

expression of placenta-derived angiogenic factors and placental disease, principally 335 

MVM, which is the most common pathologic finding in this context16, 39, 40. Recently, the 336 

hypoxic-ischemic features of this disease have been demonstrated in-vivo in patients 337 

with early-onset preeclampsia and low circulating PlGF using advanced magnetic 338 

resonance imaging methods which measure regional tissue oxygenation by T2* 339 

oximetry41. These observations are consistent with in-vitro data in human placental 340 

explants demonstrating hypoxia-mediated repression of PlGF synthesis42. Data from the 341 

SCOPE consortium,  demonstrating that low circulating placenta growth factor 342 

combined with abnormal uterine artery Doppler at 16 weeks’ gestation is highly 343 

predictive of early-onset preeclampsia9,  suggests that a strategy of early serial PlGF 344 

testing may identify women with significantly impaired early placental development. Up 345 

to 15% of women with severe placental dysfunction exhibit diseases other than MVM, 346 

especially massive peri-villous fibrin deposition and chronic histiocytic inter-villositis, in 347 

which uteroplacental blood flow is not typically restricted7, 14, 43. Such patients are 348 

therefore likely to exhibit normal uterine artery Doppler waveforms, yet may be 349 

identified in tandem with a majority that are developing MVM placental disease in the 350 

early second trimester by their common deficiency in a failure of PlGF to rise in the 16-351 

20 week period. Interestingly, 2 of the 7 patients in Group 1 followed this pattern, with 352 
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normal uterine artery Doppler, a failure to elevate PlGF and subsequent demonstration 353 

of non-MVM placental pathologies.  354 

The extremely high rates of placental pathology in our subjects, together with 355 

their near universal risk of preterm delivery, validated our strategy to identify a niche of 356 

patients who remain vulnerable to the effects of severe placental dysfunction despite 357 

taking aspirin. The concept of dual screening with circulating angiogenic growth factors 358 

and uterine artery Doppler to identify the most common type of underlying placental 359 

MVM disease was originally developed by Espinosa et al., who, in a screening study of 360 

3348 unselected patients in a 22-26 week window, noted that a PlGF cut-off value of 361 

280 pg/mL in patients with abnormal uterine artery Doppler predicted 84% of early-362 

onset and 89% of severe preeclampsia8. These findings were largely replicated at an 363 

earlier gestational age around 16 weeks’ gestation in 3529 healthy nulliparous patients 364 

by the SCOPE consortium, which demonstrated a positive likelihood ratio of 9.4 for the 365 

prediction of preterm preeclampsia when both uterine artery Doppler and circulating 366 

PlGF were normal9. Common to both studies, patients were not exposed to aspirin, and 367 

neither reported placental pathology findings. With the increased use of first trimester 368 

screening methods for the prevention of early-onset preeclampsia with aspirin, the 369 

high-risk patients in our study were already on aspirin by 12 weeks’ gestation due to 370 

their significant prior risk factors10-12. As such, any inference from our findings that 371 

LMWH may be of benefit cannot be extended beyond this niche group of vulnerable 372 

patients on aspirin therapy, identified in the early second trimester.   373 
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The negative findings from two large high-quality trials44, 45 testing the 374 

hypothesis that prophylactic low molecular weight heparin (LMWH) can further reduce 375 

the risk of preterm delivery in addition to aspirin coupled with evidence that aspirin 376 

alone is an effective agent has led clinicians to avoid recommending LMWH in this 377 

context11, 12.  Both trials recruited women based on their prior obstetric history, and had 378 

low rates of serious adverse perinatal outcomes (perinatal death or iatrogenic delivery 379 

<32 weeks) in the control arms, suggesting adequate placental function in a majority of 380 

participants. A previous cohort study, involving 212 women of similar risk 381 

characteristics, found that a majority  (59%) had normal  measures of placental function 382 

in the early second trimester and had significantly more favorable outcomes than the 383 

remainder with one or more placental test abnormalities, for example 19/23 women 384 

developing HELLP syndrome and requiring delivery <34 weeks had one or more test 385 

abnormalities46. These observations are relevant in the context of the most updated 386 

systematic review on the adjunct role of LMWH which evaluated 15 studies with 387 

variable entry criteria, demonstrating that LMWH in addition to low-dose aspirin before 388 

16 weeks’ gestation significantly lowered the risk of early-onset disease (odds 0.62, 95% 389 

CI 0.41-0.95)22. Concentrating future trial recruitment on a subgroup of clinically high-390 

risk women with abnormal measures of placental function in early pregnancy may 391 

provide definitive answers on the role of LMWH in this niche group of women.  392 

The potential mechanisms of action of LMWH in the context of prevention of 393 

early-onset preeclampsia are varied, and do not necessarily involve anticoagulation of 394 

maternal blood within the placenta47. Several non-anticoagulant actions of LMWH may 395 
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be pertinent in the context of preventing early-onset preeclampsia associated with 396 

MVM of the placenta21. These include suppression of leukocyte activation and 397 

complement activity alongside promotion of angiogenesis17. In in-vivo studies of 398 

pregnant subjects, LMWH acutely elevated suboptimal circulating PlGF by 1.5-fold, and 399 

larger increases in circulating PlGF levels have been found in patients receiving 400 

therapeutic levels of LMWH19, 20. A subsequent publication from the Heparin-401 

Preeclampsia (HEPEPE) trial group focused on circulating angiogenic growth factor 402 

profiles in high-risk pregnant patients, demonstrating no significant differences in 403 

circulation PlGF across gestation between patients randomized to receive aspirin alone 404 

or aspirin with LMWH therapy48. Very few women in this randomized trial had low 405 

circulating PlGF levels prior to 18 week’s gestation, few had severe adverse perinatal 406 

outcomes, and the trajectory of PlGF  in both arms of the trial are similar to the 407 

reference range data reported in this study.  In contrast, the current observational study 408 

recruited high-risk patients (Groups 1 and 2) based on low PlGF levels early in the 409 

second trimester, and was confirmed by both their clinical outcomes and placental 410 

pathology testing. Our interpretation is that LMWH therapy could exert beneficial 411 

effects in high-risk pregnant patients with significant placental dysfunction, by reversing 412 

a low PlGF phenotype found in the early second trimester. The Enoxaparin for the 413 

Prevention of Preeclampsia and Intrauterine Growth Restriction (EPPI) trial had a similar 414 

design and overall findings44, and neither the HEPEPE or EPPI trial has reported placental 415 

pathology data, which would be of significant interest to elucidating any potential 416 

beneficial impacts of LMWH therapy.  417 
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 In in-vitro studies with human tissues, LMWH augmented the synthesis and 418 

release of PlGF by placental villous tissue explants and a similar stimulatory effect by 419 

LMWH has recently been demonstrated in endothelial cells1, 18. The possibility of 420 

inducing an endogenous rise in circulating PlGF via LMWH is preferable to the 421 

administration of parenteral exogenous PlGF to achieve the same effect49.  Collectively 422 

these studies support a plausible mechanism whereby LMWH, administered to a small 423 

subset of patients at greatest risk of placenta-mediated early-onset preeclampsia, may 424 

be capable of inducing of a clinically meaningful sustained rise in their deficient PlGF 425 

levels.  426 

 427 

Clinical Implications  428 

For clinicians managing pregnancies at high-risk of placental dysfunction, especially in a 429 

Maternal-Fetal Medicine setting, the ability to identify an asymptomatic vulnerable  430 

subset in the early second trimester, despite receiving aspirin prophylaxis, is a key 431 

strategic goal. The availability of PlGF testing in real-time (within 90 minutes) combined 432 

with uterine artery Doppler assessment, may be one such strategy for clinicians to 433 

adopt, a we have done. This approach can  focus clinical resources on women that need 434 

higher levels of care, and it in addition may facilitate further research into the adjunct 435 

role of additional medical therapies to prevent stillbirth and extreme preterm delivery7, 436 

8, 50.  437 

 438 

 439 
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Research Implications  440 

Our findings do not support the clinical use of LMWH to prevent placenta-mediated 441 

complications, but they may inform the design of new pilot randomized control trials 442 

confined to a sub-group of high-risk patients already on aspirin prophylaxis. This 443 

approach was taken in a small 2011 trial where LMWH and aspirin were used 444 

concurrently and was conducted prior to the advent of PlGF screening51. At present, we 445 

do not know if any of the observed in-vitro effects of LMWH could exert clinically 446 

meaningful actions on the placenta such as restoring PlGF release into the maternal 447 

circulation, directly acting on the systemic maternal endothelium or on improving the 448 

typically restricted uteroplacental circulation that is found in women at highest risk of 449 

severe preeclampsia8, 9, 52. Therefore, future baseline trial data could incorporate serial 450 

urine analysis of the stable C5b fragment that reflects complement activation53, 451 

together with serial maternal blood angiogenic growth factors,  and incorporate 452 

specialist placental pathology blinded to trial allocation.  453 

 454 

Conclusions  455 

A continuous reference range for maternal circulating PlGF was established between 12-456 

36 weeks’ gestation for high-risk pregnancy clinicians to assess the ongoing risk of 457 

preterm delivery due to severe placental dysfunction. Amongst a small subgroup of 458 

pregnancies considered high-risk in this context with low maternal circulating PlGF at 459 

16-20 weeks’ gestation, the addition of prophylactic LMWH to aspirin prophylaxis 460 

induced a rise in circulating PlGF that was sustained in a majority of patients over 461 
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several weeks prior to delivery. Since the most recent evidence obtained from 462 

systematic reviews of relevant trials support limited use of LMWH in this context, our 463 

data may inform future efforts to conduct a pilot randomized controlled trial to further 464 

explore the relevant biologic actions of LMWH in this context, which if favourable could 465 

inform a subsequent definitive randomized trial with entry criteria that focus on the 466 

assessment of placental function in-vivo. 467 
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TABLES  714 

Gestational Age 2.5th Centile 5th Centile 10th Centile 50th Centile 

12 19 21 25 40 
13 23 26 30 49 
14 28 32 38 63 
15 35 42 49 84 
16 45 53 64 110 
17 57 67 80 139 
18 69 81 96 166 
19 80 94 111 191 
20 91 106 126 217 
21 101 118 141 246 
22 110 131 157 280 
23 120 144 175 321 
24 131 159 196 368 
25 140 173 216 420 
26 148 186 234 471 
27 153 194 248 513 
28 153 196 252 539 
29 147 189 246 542 
30 135 175 229 523 
31 119 155 206 489 
32 103 134 179 444 
33 89 116 155 396 
34 78 101 134 349 
35 71 90 118 305 
36 67 83 106 267 

 715 
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 716 
Table 1. Gestation age-specific values for circulating maternal placental growth factor (pg/mL) at the 5th, 10th and 50th centiles 717 

derived using quantile regression of merged data from comparable Cambridge3, 23 and Toronto24 cohorts of nulliparous patients. All 718 

7 subjects receiving low molecular weight heparin had a PlGF value <10th centile prior to administration at <20 weeks’ gestation. 719 

  720 
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Maternal Characteristics 

 

Early Second Trimester 

Low PlGF, 

 

LMWH 

Early Second Trimester 

Low PlGF, 

 

No LMWH 

Late Second Trimester Low 

PlGF, Early-Onset 

Preeclampsia 

No LMWH 

N=7 N=5 N=21 

    

Demographic characteristics    

Age, years 35 [34-38] 39 [35-40] 33 [29-37] 

Ethnicity    

White 5 (71) 1 (20) 13 (62) 

Black 0 (0) 0 (0) 2 (10) 

East Asian 1 (14) 1 (20) 2 (10) 

South Asian 1 (14) 3 (60) 4 (19) 

BMI, kg/m2 27 [24-31] 26 [21-29] 32 [23-39] 
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Chronic hypertension 0 (0) 1 (20) 3 (14) 

Pre-existing diabetes 0 (0) 0 (0) 2 (10) 

Initial assessment, weeks’ gestation 12 [11-13] 16 [16-18] 22 [20-24] 

Systolic blood pressure at initial assessment, 

mmHg* 
118 [92-120] 112 [105-143] 120 [113-132] 

Diastolic blood pressure at initial 

assessment, mmHg* 
66 [59-72] 80 [63-89] 71 [66-82] 

    

Obstetrical history    

History of placental complications 5 (71) 2 (40) 6 (29) 

Previous preeclampsia 2 (29) 2 (40) 4 (19) 

Early-onset preeclampsia <34 weeks’ 

gestation 
2 2 3 
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Late-onset preeclampsia ≥34 weeks’ 

gestation 
0 0 1 

Previous fetal death ≥20 weeks’ gestation 3 (43) 2 (40) 1 (5) 

    

Obstetrical characteristics    

Nulliparous 2 (29) 2 (40) 10 (48) 

First trimester aneuploidy screening    

Not performed 1 (14) 1 (20) 7 (33) 

PAPP-A, MoM 0.63 [0.39-0.91] 0.16 [0.12-0.39] 0.70 [0.51-1.48] 

hCG, MoM  1.00 [0.98-1.32] 2.17 [1.28-3.01] 1.62 [1.28-1.86] 

Mean uterine artery PI 
   

14 – 20 weeks’ gestation 
1.99 [1.38-2.49] 1.54 [1.42-1.66] . 

20 – 24 weeks’ gestation 
1.57 [1.36-1.82] 1.53 [1.45-1.60] 2.09 [1.73-2.54] 

24 – 28 weeks’ gestation 
1.54 [1.16-1.78] . 1.98 [1.80-2.50] 
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 721 
Table 2. Characteristics of Pregnant Patients at Risk of Placental Dysfunction. Data are presented as median [interquartile range], or 722 

n (% of column). *Blood pressure data missing from 1 patient in Group 1. 723 

PlGF = placental growth factor (pg/mL). LMWH = low molecular weight heparin. BMI = body mass index. PAPP-A = pregnancy 724 

associated plasma protein-A. hCG = human chorionic gonadotropin. MoM = multiples of the median. PI=pulsatility index. 725 

28 – 36 weeks’ gestation 
1.21 [0.90-1.38] . 1.56 [1.35-2.02] 
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 Early Second Trimester 

Low PlGF  

LMWH  

Early Second Trimester 

Low PlGF  

No LMWH  

Late Second Trimester 

Early severe preeclampsia 

No LMWH  

N=7 N=5 N=21 

    

Pregnancy outcome characteristics    

Gestational age at delivery, weeks 36 [33-37] 23 [22-26] 28 [27-31] 

Maternal outcome    

Preeclampsia 4 (57) 0 (0) 21 (100) 

Fetal outcome    

Live birth 6 (86) 1 (20) 15 (71) 

Stillbirth 1 (14) 4 (80) 6 (29) 

Antihypertensive medication use 3 (43) 2 (40) 19 (90) 

Birthweight, kg 1.93 [1.1-2.7] 0.32 [0.19-0.39] 0.73 [0.52-1.03] 



 44 

    

Placental Pathology*    

Principal placental pathology    

Maternal vascular malperfusion 3 (43) 2 (40) 19 (90) 

Fetal thrombotic vasculopathy 0 (0) 2 (40) 1 (5) 

Fetal vascular malperfusion 1 (14) 0 (0) 0 (0) 

Chronic histiocytic intervillositis 1 (14) 0 (0) 1 (5) 

Perivillous fibrin deposition 1 (14) 0 (0) 0 (0) 

Villitis of unknown etiology 1 (14) 0 (0) 0 (0) 

Massive perivillous fibrin deposition 1 (14) 0 (0) 0 (0) 

Additional pathology features    

Maternal vascular malperfusion 2 (29) 1 (20) 1 (5) 

Chronic histiocytic intervillositis 0 (0) 1 (20) 1 (5) 

Fetal thrombotic vasculopathy 1 (14) 0 (0) 1 (5) 
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 726 
 727 

Table 3. Pregnancy Outcomes and Placental Pathology of Pregnant Patients at Risk of Severe Placental Dysfunction. Data are 728 

presented as median [interquartile range], or n (% of column). *Placental pathology data missing from 1 patient in Group 2.  729 

PlGF = placental growth factor (pg/mL). LMWH = low molecular weight heparin.  730 

Weight <3rd centile 1 (14) 0 (0) 0 (0) 

Fetal thrombotic vasculopathy 0 (0) 0 (0) 2 (10) 
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FIGURE LEGENDS  731 
 732 

FIGURE 1. Systemic effects of low molecular weight heparin in pregnancy1, 17, 19, 20, 52, 54-733 

57. 734 

 735 

FIGURE 2. Gestation age-specific distribution of circulating maternal placental growth 736 

factor clustered at 4 time points with superimposed 2.5th, 5th, 10th and 50th centile 737 

curves derived using quantile regression. Data are from comparable Cambridge 738 

(individual data points at 12, 20, 28 and 36 weeks’ gestation)3, 23 and Toronto (box plot 739 

of median and interquartile range at 16 weeks’ gestation)24 cohorts of nulliparous 740 

patients. Gestation age-specific values at the 2.5th, 5th, 10th and 50th centiles from 12-26 741 

weeks’ gestation are shown in Table 1. 742 

 743 

FIGURE 3. Individual Circulating PlGF Levels across Gestation in Pregnant Patients at Risk 744 

of Placental Dysfunction. Group 1 (patients with low PlGF levels in the early second 745 

trimester who initiated LMWH therapy, n=7) are presented in dark blue; dark blue open 746 

circles indicate pre-LMWH therapy, dark blue closed circles indicate post-LMWH 747 

therapy. Group 2 (patients with low PlGF levels in the early second trimester who did 748 

not initiate LMWH therapy, n=5) are presented in red. Group 3 (patients with low PlGF 749 

levels in the late second trimester who did not initiate LMWH therapy and developed 750 

early-onset preeclampsia, n=21) are presented in light blue. PlGF = placental growth 751 

factor, LMWH=low molecular weight heparin. 752 

 753 
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FIGURE 4. Individual Circulating PlGF Levels across Gestation in High-Risk Patients with 754 

Placental Dysfunction Relative to 2.5th, 5th, and 10th Centile of the PlGF Reference Range. 755 

Group 1 (patients with low PlGF levels in the early second trimester who initiated LMWH 756 

therapy) are presented in red. Group 2 (patients with low PlGF levels in the early second 757 

trimester who did not initiate LMWH therapy) are presented in green. Group 3 (patients 758 

with low PlGF levels in the late second trimester who did not initiate LMWH therapy and 759 

developed early-onset preeclampsia) are presented in blue. PlGF = placental growth 760 

factor, LMWH=low molecular weight heparin. 761 

 762 

Supplementary Figure 1. Maternal PlGF Levels Across Gestation in Pregnant  Patients at 763 

Risk of Severe Placental Dysfunction, Stratified by Placental Pathology Diagnosis and 764 

LMWH Therapy. PlGF=placental growth factor, LMWH=low molecular weight heparin, 765 

MVM=maternal vascular malperfusion.  766 










