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Abstract 
Cardiovascular disease remains the leading cause of disease burden globally with far-reaching consequences including 
enormous socio-economic burden to healthcare and society at large. Cardiovascular health is decisive for reproductive func-
tion, healthy pregnancy and postpartum. During pregnancy, maternal cardiovascular system is exposed to highly increased 
haemodynamic stress that significantly impacts health status of the mother and offspring. Resulting from sub-optimal mater-
nal health conditions overlooked in pre-pregnancy time, progressive abnormalities can be expected during pregnancy and 
postpartum. Contextually, there are two main concepts to follow in the framework of predictive, preventive and personalised 
medicine, namely to develop:
1. advanced screening of sub-optimal health conditions in young populations to predict and prevent individual health risks 
prior to planned pregnancies
2. in-depth companion diagnostics during pregnancy to predict and prevent long-lasting postpartum health risks of the 
mother and offspring.
Data collected in the current study demonstrate group-specific complications to health of the mother and offspring and clinical 
relevance of the related phenotyping in pre-pregnant mothers. Diagnostic approach proposed in this study revealed its great 
clinical utility demonstrating important synergies between cardiovascular maladaptation and connective tissue dysfunc-
tion. Co-diagnosed pre-pregnancy low BMI of the mother, connective tissue dysfunction, increased stiffness of peripheral 
vessels and decreased blood pressure are considered a highly specific maternal phenotype useful for innovative screening 
programmes in young populations to predict and prevent severe risks to health of the mother and offspring. This crucial 
discovery brings together systemic effects characteristic, for example, for individuals with Flammer syndrome predisposed 
to the phenotype-specific primary vascular dysregulation, pregnancy-associated risks, normal tension glaucoma, ischemic 
stroke at young age, impaired wound healing and associated disorders. Proposed maternal phenotyping is crucial to predict 
and effectively protect both the mother and offspring against health-to-disease transition. Pre-pregnancy check-up focused 
on sub-optimal health and utilising here described phenotypes is pivotal for advanced health policy.
Plain English abstract Cardiovascular health is decisive for reproductive function and healthy pregnancy. During pregnancy, 
maternal cardiovascular system may demonstrate health-to-disease transition relevant for the affected mother and offspring. 
Overlooked in pre-pregnancy time, progressive abnormalities can be expected during pregnancy and lifelong. Here we co-
diagnosed maternal pre-pregnancy low bodyweight with systemic effects which may increase risks of pregnancy, eye and 
heart disorders and ischemic stroke at young age, amongst others. Innovative screening  programmes focused on sub-optimal 
health in young populations to predict and to mitigate individual health risks prior to pregnancy is an essential innovation 
for health policy proposed.
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Introduction

Cardiovascular health issues in young populations 
with far‑reaching consequences

Cardiovascular disease (CVD) remains the leading cause 
of disease burden globally with far-reaching consequences 
including enormous socio-economic burden to healthcare 
and society at large. In particular, ischemic heart disease 
and stroke represent the leading cause of mortality world-
wide being the major contributor to disability. According to 
the global statistics presented [1], CVD prevalence nearly 
doubled from 271 million in 1990 to 523 million in 2019. 
Corresponding numbers of the CVD-related deaths were 
steadily increasing from 12,1 million (1990) to 18,6 mil-
lion (2019). Over that period of time also disability dou-
bled from 17,7 million to 34,4 million. To this end, alarm-
ing statistics demonstrate rapidly increasing incidence of 
ischemic stroke of unclear aetiology characteristic specifi-
cally for young populations [2]. International multi-pro-
fessional expert groups strongly recommend implementing 
cost-effective policies [1] and paradigm change from reac-
tive to predictive, preventive and personalised medicine 
(PPPM / 3PM) to reduce premature mortality and disabil-
ity due to preventable non-communicable diseases such 
as stroke at young age with modifiable risk factors [2–4].

Cardiovascular health is decisive for reproductive function 
and healthy pregnancy. Gestation is broadly recognised as 
being critical for both — maternal health and the offspring’s 
life-long health after birth [5]. To this end, the USA study 
demonstrated for years 2011–2013 pregnancy-related mortal-
ity as high as 17,0 deaths per 100.000 live births in the coun-
try; cardiovascular conditions have been ranked first (15,5%) 
amongst the main risks [6]. Maternal cardiovascular health 
during pregnancy (five metrics were used, namely BMI, blood 
pressure, total cholesterol and glucose levels, smoking expo-
sure) has been demonstrated as being strongly associated with 
offspring cardiovascular health quality during early adoles-
cence (four metrics were used: BMI, blood pressure, total 
cholesterol and glucose levels). For this study, a multinational 
cohort included 2.302 mother–child dyads demonstrating the 
interrelation between poorer maternal cardiovascular health 
at a mean of 28 weeks’ gestation and high risks of poorer 
offspring cardiovascular health at ages 10 to 14 years [7].

Overlooked sub‑optimal health may lead 
to progressive abnormalities in pregnancy 
and postpartum

During pregnancy, maternal cardiovascular system is 
exposed to highly increased haemodynamic stress that sig-
nificantly impacts health status of mother and offspring [8, 
9]. Resulting from sub-optimal maternal health conditions 
overlooked in pre-pregnancy time, progressive abnormali-
ties can be expected in the foetal development and mater-
nal health status during pregnancy and postpartum. To this 
end, for example, Flammer syndrome (FS) phenotype was 
described as being of great clinical utility for sub-optimal 
health risk assessment [10]. Based on the individualised 
patient profile, FS phenotype is well detectable being linked 
to low BMI, disturbed microcirculation, abnormal stress 
reactions, shifted sense regulation and specific behavioural 
patterns, amongst others [11]. FS phenotyping is fully fea-
sible early in life during pubertal development, in order to 
assess individual health risks and, later on in life, also to 
predict potential pregnancy complications followed by tar-
geted mitigating measures [2, 12].

Contextually, there are two main concepts to follow in the 
context of predictive, preventive and personalised medicine, 
namely to develop:

1. advanced screening of sub-optimal health in young pop-
ulations to predict and prevent individual health risks to 
optimise the course of planned pregnancies [3, 13],

2. in-depth companion diagnostics during pregnancy to 
predict and prevent potentially lasting postpartum health 
risks of mother and offspring [4].

To this end, abnormal (both underweight and overweight) 
BMI which is highly individual anthropometric parameter 
has been associated with sub-optimal health status and large 
spectrum of pathologies developed later on in life [3]. Con-
sequently, abnormal vascular parameters such as increased 
vascular stiffness (VS) were, further, associated with the 
phenotype-characteristic clinically manifested symptoms 
of connective tissue dysfunction (CTD) frequently linked 
to low BMI [14, 15]. Noteworthy, incidence of CTD is 
increasingly reported specifically for young populations 
being further attributed to the alterations in human genetic 
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apparatus adapted to changing environmental conditions. 
This actuality prompts developing innovative screening pro-
grammes adapted specifically to the needs of young genera-
tions considering advanced predictive diagnostic tools e.g. 
for planned pregnancies followed by targeted prevention and 
personalised treatment algorithms tailored to the person at 
high risk for complications in pregnancy and postpartum.

 Working hypothesis and study aims 
in the framework of 3P medicine

In the current study, we hypothesised that vascular status and 
bodyweight-associated phenotyping might be instrumental 
to predict potential pregnancy and postpartum risks for per-
sonalised supervision of planned pregnancies by prevention 
tailored to predicted risks. The aim was to stratify pregnant 
women taking into account maternal pre-pregnancy BMI, 
external manifestations of CTD exemplified by Flammer 
syndrome manifestation as clearly detectable phenotype 
with specific vascular status particularities, low BMI and 
predisposition to evident risks in pregnancy and postpar-
tum described earlier [12]. Contextually, the study aimed at 
investigating potential relationship between individual phe-
notypes, vascular status of pregnant women, frequency of 
pregnancy complications and corresponding anthropometric 
parameters of newborns, amongst others.

Study design

Patient recruitment and stratification criteria

A total of 345 pregnant women (further called study par-
ticipants abbreviated as SPs) with singleton pregnancies 
(mean age 27,2 ± 2,5 l) were investigated. All SPs were 
stratified into three groups of comparison based on the 
initial (pre-pregnancy) body mass index (BMI) accord-
ing to the classification published in the EPMA Position 
Paper 2021 [3]:

group 1 – low BMI (18,9 or less kg/m2) with 27 SPs;
group 2 – standard BMI range 19–25 kg/m2 with 216 SPs;
group 3 – high BMI (25,1 or more kg/m2) with 102 SPs.

Clinical examinations

Stratified groups of comparison underwent comprehensive 
examinations including anthropometry (height, weight, 
BMI), blood pressure measurements, surveys performance 
covering questions towards history of traditional cardio-
vascular risk factors (arterial hypertension, hereditary 
history of early cardiovascular disease, smoking etc.) and 

history of previous pregnancies (if any), including preec-
lampsia & gestational arterial hypertension (PE & GAH).

Haemodynamic and vascular status parameters

Non-invasive assessment of vascular stiffness for both 
peripheral small vessels and aorta was performed by oscillo-
metric testing using a BPLab Vasotens (Petr Telegin, Russia) 
in Vasotens Office format at gestational age up to 20 weeks 
[16]. The device meets international accuracy standards for 
oscillometric BP recorders and is recommended for use in 
pregnant women [17, 18].

Vascular stiffness parameters were measured through 
peripheral systolic blood pressure (PSBP), peripheral dias-
tolic blood pressure (PDBP), peripheral arterial vascular 
stiffness (AIXb), aortic reverse pulse wave velocity (RWVa), 
aortic vascular stiffness (AIXa), central systolic blood pres-
sure (CSBP) and central diastolic blood pressure (CDBP).

Connective tissue dysfunction

Functionally linked to the arterial stiffness in young adults 
connective tissue dysfunction (CTD) was assessed according 
to the Ghent Diagnostic Criteria Edition 2 [19] and national 
guidelines [15].

The extent of connective tissue dysfunction was scored. 
According to the expert recommendations in the area, par-
ticular attention was paid to the occurrence of the most 
specific and therefore diagnostically significant CTD fea-
tures such as thumb and wrist symptoms, chest deformities, 
valgus deformity of the foot, flat foot, scoliosis, kyphosis, 
incomplete (170°) extension of the elbow, myopia, atypical 
strictures, specific facial features (such as dolichocephaly, 
enophthalmos, downward sloping eye chambers, malar 
bone hypoplasia, retrognathia), up/down ratio ≤ 0,86 and 
arm-span/height ≥ 1,05 without significant scoliosis, mitral 
valve prolapse and indication of spontaneous pneumothorax, 
amongst others.

Phenotyping by Flammer syndrome symptoms 
and signs

A randomized trial considered 60 SPs for the Flam-
mer’s syndrome (FS) phenotype screening. The spe-
cialised questionnaire [10, 12] was utilised for the FS 
phenotype specific symptoms and signs including low 
BMI, frequently cold extremities, feeling of chills, low 
blood pressure, perfectionism, lack of feeling of thirst 
and hyperemic spots when agitated, amongst others as 
described earlier [10, 12]. Consequently, the group under 
investigation was stratified into two cohorts, namely with 
(FS +) and without (FS −) FS phenotype.



354 EPMA Journal (2022) 13:351–366

1 3

Pregnancy complications considered

Preeclampsia, gestational arterial hypertension and dia-
betes were recorded for mothers, while foetal growth 
restriction, antenatal foetal death and preterm birth were 
recorded for their offspring. Anthropometric parameters 
of newborns were used to calculate corresponding BMI.

Exclusion criteria

The exclusion criteria are administration of drugs affect-
ing blood pressure; specific hereditary syndromes such 
as Marfan and Ehlers-Danlos, multiple pregnancies and 
pregnancies which resulted from assisted reproductive 
technology.

Statistical analysis

The data were processed using the statistical software pack-
age IBM SPSS Statistics 21. The number observations of 
different diseases were compared across the study groups 
using pairwise Fisher’s-exact-tests. All tests were performed 
two-sided and findings were considered statistically signifi-
cant according to the P value below 0,05. We performed 
a Benjamini–Hochberg correction to account for multiple 
testing.

Results

Interrelationship between pre‑pregnancy BMI 
and incidence of connective tissue dysfunction

Data from the phenotypic analysis demonstrated clearly 
inverse relationship between increasing BMI of SPs (from 
group 1 to group 3) and decreasing incidence of CTD (see 
Fig. 1). Whereas a non-significant CTD incidence decrease 
was demonstrated for high BMI group 3 compared to the 
group 2 with standard BMI-range, highly significant CTD 
incidence increase was observed for the group 1 with low 
BMI. To this end, 30% of SPs in the group 1 demonstrated 
five and more stigmatic phenotypic features, indicating the 
presence of non-specific CTD variants [15].

Interrelation between Flammer syndrome 
phenotype and incidence of connective tissue 
dysfunction

An incidence of external signs of hereditary connective tis-
sue disorders in pregnant women with the Flammer syn-
drome phenotype (FS +) was by a factor of 3,5 significantly 

higher (P = 0,0014) compared with SPs without Flammer 
syndrome phenotype (FS −) (see Fig. 2).

This discovery may potentially indicate a new highly spe-
cific symptom of Flammer syndrome which has not been yet 
described in the literature and can be potentially linked with 
systemic effects characteristic for this phenotype (see the 
“Data interpretation” section provided below).

Maternal haemodynamic and vascular health status

Data analysis of haemodynamic parameters (Table  1) 
revealed that both peripheral (PSBP) and central (CSBP) 
systolic blood pressure increased steadily from 1 to 3 
groups of comparison: at the brachial artery by 12,0 mmHg 
(P = 0,0001*) and in the aorta by 9,6 mmHg (P = 0,0001*) 
(see Table 1). Although being statistically non-significant, 
similar trend was recorded also for diastolic blood pressure 
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Fig. 1  Scoring of the symptoms and signs specific for the connective 
tissue dysfunction in pregnant women stratified by corresponding pre-
pregnancy body mass index (BMI); significance is demonstrated (P 
value)
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Fig. 2  Scoring of the symptoms and signs specific for the connective 
tissue dysfunction in pregnant women with (FS +) and without (FS −) 
Flammer syndrome phenotype; significance is demonstrated (P value)
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(PDBP) increased in the 3rd group compared to both 1 and 
2 ones.

Peripheral arterial vascular stiffness AIXb demonstrated 
the highest values in group 1 (low BMI), while AIXa (aor-
tic vascular stiffness) and RWVa (aortic reverse pulse wave 
velocity) were significantly higher in group 3 (overweight). 
Both AIXa and RWVa values were non-significantly higher 
in group 1 compared to group 2.

Anthropometric status of newborns in 3 groups 
of comparison

Anthropometric status of newborns reflecting their nutri-
tional status in the antenatal period demonstrated that the 
number of low-birth-weight babies declined steadily from 
group 1 to group 3. In contrast, the number with normal 
and excessive body weight increased from group 1 to group 
3. BMI below 12 kg/m2 was characteristic (about 89%) for 
newborns in group 1, whereas BMI ≥ 12 kg/m2 was charac-
teristic (84%) for group 3 (see Table 2).

Maternal and foetal complications recorded 
in groups of comparison

Overweight women suffered significantly more often 
from preeclampsia & gestational arterial hypertension 
(P = 0,005*). No cases of preeclampsia and gestational arte-
rial hypertension were registered in group 1 with low BMI. 
Similarly no cases of gestational diabetes were registered 
in group 1, whereas overweigh pregnant women in group 
3 were suffering from this disorder twice as frequently as 
their counterparts in group 2 (standard BMI range). Preterm 
birth was registered solely in group 3. Insufficient maternal 
weight gain during pregnancy was more characteristic for 
group 1 (low BMI), whereas excessive maternal weight gain 
was characteristic for the majority of women (about 55%) in 
group 3 (overweight).

Collected data demonstrated foetal growth restriction 
as the most characteristic for group 1 (see Table 3). This 
complication was less common for group 2 (standard BMI 
range) and did not occur at all in group 3 (overweight, 

Table 1  Individual parameters measured to characterise haemo-
dynamic and vascular status of pregnant women stratified by cor-
responding pre-pregnancy BMI; statistically significant P val-
ues are presented in bold letters and marked with an asterisk; 
statistically differences were demonstrated between the group 1 (low 
BMI) and group 3 (high BMI) specifically for parameters PSBP 

(113,9 ± 1,6 against 125,9 ± 1,27  mm Hg) and CSBP (101,7 ± 1,4 
against 111,1 ± 1,16  mm Hg), as well as between group 2 (normal 
BMI) and group 3 (high BMI) specifically for parameters PSBP 
(116,1 ± 0,7 against 125,9 ± 1,27  mm Hg), RWVa (9,4 ± 0,1 against 
10,1 ± 0,19  m/s), CSBP (103,6 ± 0,68 against 111,1 ± 1,16  mm Hg) 
and AIXa (3,08 ± 0,46 against 4,28 ± 0,41)

Individual
parameters

BMI < 19 kg/m2 
n = 27
Group 1

BMI ranged 
19–25 kg/m2 
n = 216
Group 2

BMI > 25 kg/m2 
n = 102
Group 3

Significance 
P 
Groups 1, 2, 3
of comparison

Peripheral systolic blood pressure
(PSBP), mm Hg

113,9 ± 1,6 116,1 ± 0,7 125,9 ± 1,27 P1-2 = 0,23
P1-3 = 0,0001*
P2-3 = 0,0001*

Peripheral diastolic blood pressure
(PDBP), mm Hg

72,3 ± 1,5 72,8 ± 0,5 75,8 ± 1,1 P1-2 = 0,75
P1-3 = 0,069
P2-3 = 0,16

Peripheral arterial vascular stiffness (brachial augmentation 
index, AIXb), %

 − 32,5 ± 1,51  − 49,7 ± 1,0  − 44,4 ± 1,53 P1-2 = 0,032*
P1-3 = 0,071
P2-3 = 0,344

Aortic reverse pulse wave velocity
(RWVa), m/s

9,7 ± 0,26 9,4 ± 0,1 10,1 ± 0,19 P1-2 = 0,193
P1-3 = 0,062
P2-3 = 0,002*

Central systolic blood pressure
(CSBP), mm Hg

101,7 ± 1,4 103,6 ± 0,68 111,1 ± 1,16 P1-2 = 0,248
P1-3 = 0,0001*
P2-3 = 0,0001*

Central diastolic blood pressure
(CDBP), mm Hg

74,3 ± 1,5 74,9 ± 0,5 77,9 ± 1,05 P1-2 = 0,691
P1-3 = 0,06
P2-3 = 0,15

Aortic vascular stiffness (aortic augmentation index, AIXa) % 3,32 ± 0,54 3,08 ± 0,46 4,28 ± 0,41 P1-2 = 0,643
P1-3 = 0,177
P2-3 = 0,026*
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Table 2  Anthropometric parameters of newborns in groups of com-
parison stratified by corresponding BMI of their pre-pregnant moth-
ers; statistically significant P values are presented in bold letters and 
marked with an asterisk; statistically significant differences were 

observed, in particular, for absolute majority of hypotrophic new-
borns (about 78%) in the group 1 (low BMI of pre-pregnant mothers) 
associated with low BMI < 12 kg/m2 in about 89% of all newborns in 
this group of comparison

Anthropometric
(height to weight) parameters 
of newborns

BMI < 19 kg/m2 
n = 27 
% (absolute number)
Group 1

BMI ranged 
19–25 kg/m2 
n = 216 
% (absolute number)
Group 2

BMI > 25 kg/m2 
n = 102 
% (absolute number)
Group 3

Significance 
P 
Groups 1, 2, 3
of comparison

Hypotrophy 77,8 (21) 25,2 (52) 13,7 (14) P1-2 < 0,0001*
P1-3 < 0,0001*
P2-3 = 0,052

Normotrophy 11,1 (3) 54,2 (118) 68,0 (62) P1-2 < 0,0001*
P1-3 < 0,0001*
P2-3 = 0,357

Hypertrophy 11,1 (3) 25,0 (46) 25,5 (26) P1-2 = 0,357
P1-3 = 0,160
P2-3 = 0,473

BMI < 12 kg/m2 88,9 (24) 33,3 (72) 15,7 (16) P1-2 < 0,0001*
P1-3 < 0,0001*
P2-3 = 0,0018*

BMI ≥ 12 kg/m2 11,1 (3) 66,7 (144) 84,3 (86) P1-2 < 0,0001*
P1-3 < 0,0001*
P2-3 = 0,0018*

Table 3  Pregnancy 
complications and weight 
gain particularities observed 
in 3 groups of comparison 
stratified by corresponding 
BMI of pre-pregnant mothers; 
antenatal foetal death was 
observed solely in group 1 (low 
BMI), whereas preterm birth 
was observed only in group 
3 (high BMI); preeclampsia, 
gestational arterial hypertension 
and gestational diabetes were 
more frequent in group 3, 
in contrast to foetal growth 
restriction monitored in 
group 1 only; insufficient 
maternal weigh gain was 
more characteristic for group 
1 compared with other group; 
excessive maternal weight gain 
was characteristic for group 3; 
statistically significant P values 
are presented in bold letters and 
marked with an asterisk

Pre- and peri-natal complications
registered

BMI < 19 kg/
m2 
n = 27 
% (absolute 
numbers)
group 1

BMI range 
19–25 kg/m2 
n = 216 
% (absolute numbers)
group 2

BMI > 25 kg/
m2 
n = 102 
% (absolute 
numbers)
group 3

Significance 
P 
Groups 1, 2, 3
of comparison

Antenatal foetal death 3,7 (1) – – P1-2 = 0,187
P1-3 = 0,311

Preterm birth – – 3,9 (4) P1-3 = 0,693
P2-3 = 0,039

Preeclampsia and gestational 
arterial hypertension

– 4,6 (10) 16,7 (17) P1-2 = 0,693
P1-3 = 0,066
P2-3 = 0,005*

Gestational diabetes – 5,1 (11) 10,8 (11) P1-2 = 0,693
P1-3 = 0,188
P2-3 = 0,175

Foetal growth restriction
FGR

11,1 (3) 1,9 (4) – P1-2 = 0,067
P1-3 = 0,038*
P2-3 = 0,418

No complications observed 85,2 (23) 88,4 (191) 68,6 (70) P1-2 = 0,694
P1-3 = 0,176
P2-3 = 0,0003*

Insufficient weight gain 33,3 (9) 29,2 (63) 13,7 (14) P1-2 = 0,712
P1-3 = 0,669
P2-3 = 0,164

Normal weight gain 59,3 (16) 44,9 (97) 31,4 (32) P1-2 = 0,311
P1-3 = 0,043
P2-3 = 0,067

Excessive weight gain 7,4 (2) 25,9 (56) 54,9 (56) P1-2 = 0,067
P1-3 < 0,0001*
P2-3 < 0,0001*
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P1-3 = 0,038*). Antenatal foetal death was registered solely 
in group 1.

In‑depth analysis of characteristic individual cases

Case 1

A 23-year-old woman; professional occupation: a nurse at 
a city medical unit. First pregnancy, no unhealthy behav-
ioural habits recorded. BMI = 15,8 kg/m2. Foci of infection: 
chronic maxillary sinusitis; No family history of CVD.

Her mother’s pregnancy was without complications, and 
she was born at term weighing 2.600 g. Female medical his-
tory: menarche at the age of 12 years.

Flammer syndrome phenotype demonstrates following 
strongly pronounced symptoms and signs:

– The patient was always very slim with difficulty to gain 
the weight; she obviously tends to perfectionism

– Frequently cold extremities, she is freezing even during 
warm seasons

– Pre-pregnancy hypotension, further strongly pronounced 
early in pregnancy; symptoms of orthostatic hypotension, 
further strongly pronounced during pregnancy

– Frequent dizziness and pre-syncopal conditions 
(lipotemia)

– Difficulties to fall asleep; night sleep duration 6–8 h with 
shifted sleep patterns towards morning hours accompa-
nied with chronic fatigue upon awakening in the morning

– She does not feel thirsty, but by mind controls liquid 
intake against nausea

– Frequent headache, sometimes with aura.

Manifestations of CTD: extended external stigmatisation 
including thumb and wrist symptoms, amongst others; mitral 
valve prolapse of moderate haemodynamic significance; a 
single supraventricular extra-systole according to a single 
ECG.

Angiological screening resulted in

– peripheral systolic to diastolic blood pressure 106/66 mm 
Hg and central systolic to diastolic blood pressure 
91/68 mm Hg,

– RWVa 9,3 m/s, AIXb − 31,1%, AIXa 3,1%.

Pregnancy course: The pregnancy was complicated by 
the development of placental insufficiency; the foetal growth 
restriction of middle severity (grade 2).

Urgent delivery (37 weeks), newborn weight of 2.480 g, 
height of 48  cm with corresponding BMI = 10,4 kg/m2 
(hypotrophy).

Maternal weight gain during pregnancy was 11 kg con-
sidered as insufficient.

Case 2

A 25-year-old woman; professional occupation: a designer 
at the private enterprise; academician with University edu-
cation diploma.

First pregnancy, no unhealthy behavioural habits; 
BMI = 19,9 kg/m2; foci of infection: none.

No family history of CVD. Her mother’s pregnancy was 
without complications, and she was born at term weighing 
3.100 g. Female medical history: menarche at the age of 
13 years.

Flammer syndrome phenotype demonstrates following 
strongly pronounced symptoms and signs:

– Since adolescence there was a tendency to low blood 
pressure and frequent dizziness, in particular when sud-
denly standing up

– Perfectionist frequently suffering from severe psycho-
emotional stress

– When agitated she often registers red and white spots on 
her face and neck

– Slowed and impaired wound healing
– Although she preferred warm clothes before pregnancy, 

the feeling of freezing got extreme during the pregnancy. 
Especially in the legs, she also noted a feeling of “creep-
ing” and tingling of the fingertips

– Frequent headache during the pregnancy.

Manifestations of CTD: significantly elevated exter-
nal stigmatisation, especially on the craniofacial segment; 
thumb and wrist symptoms and scoliosis. Abdominal ultra-
sound revealed an overstretch of the gallbladder.

Angiological screening resulted in

– peripheral systolic to diastolic blood pressure 108/70 mm 
Hg and central systolic to diastolic blood pressure 
99/72 mm Hg

– RWVa 9,1 m/s, AIXb − 25,9%, AIXa 3,0%.

Pregnancy course: evident oligohydramnious diagnosed 
with ultrasound. The pregnancy was complicated by the 
development of placental insufficiency; chronic fetoplacental 
insufficiency; disordered uterine-foetal-placental blood flow; 
the foetal growth restriction grade 1 (minor).

Urgent delivery (38  weeks), the newborn weight 
of 2.980  g and 51  cm of height with corresponding 
BMI = 11,46 kg/m2 (hypotrophy).

Maternal weight gain during pregnancy was 10 kg con-
sidered as insufficient.
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Case 3

A 26-year-old woman; professional occupation: a college 
teacher; academician with University education diploma.

BMI = 31,6 kg/m2; foci of infection: none.
Family history: aggravated by arterial hypertension 

(mother). She believes that she was overfed since childhood 
due to low birth weight.

Her mother’s pregnancy was without complications, and 
she was born at term weighing 2.700 g.

Female medical history: menarche at age 15.
Manifestations of CTD: None
No manifestations of the Flammer syndrome phenotype.
Angiological screening resulted in

– peripheral systolic to diastolic blood pressure 122/78 mm 
Hg and central systolic to diastolic blood pressure 
114/80 mm Hg

– RWVa 10,4 m/s, AIXb − 42,2%, AIXa 4,6%.

The course of pregnancy: no abnormalities.
Urgent delivery (38,5  weeks), newborn weight of 

3.780 g, height of 43 cm with corresponding BMI 13,2 kg/
m2 (hypertrophy).

Maternal weight gain during pregnancy was 13 kg con-
sidered as excessive.

Data interpretation

Presented results fully support working hypothesis 
of the study

Presented results fully confirm the working hypothesis indi-
cating that depending on the pre-pregnancy BMI of study 
participants in groups of comparison, there are clear pheno-
type-specific differences.

1. in their haemodynamic and vascular status,
2. incidence and severity level of CTD,
3. spectrum of maternal and foetal complications and
4. anthropometric parameters of newborns as detailed 

below.
Maternal haemodynamics

Haemodynamic status of pregnant women with both low and 
high BMI differed significantly from this of women in the 
group with standard BMI range. Moreover, the difference 
was characterised as being highly specific for each group 
of comparison. In particular, for group 1 (low BMI), the 
most significant increase in vascular stiffness was monitored 

specifically for small peripheral vessels, while aortic stiff-
ness was affected to much lesser extent. Noteworthy, both 
systolic (PSBP, CSBP values) and diastolic (PDBP, CDBP 
values) blood pressure in group 1 were decreased compared 
to group 2 (standard BMI range). In contrast, group 3 (over-
weight) demonstrated significantly increased aortic stiffness 
(RWVa and AIXa values) as well as central systolic blood 
pressure compared to group 2.

Maternal connective tissue dysfunction

CTD was demonstrated as being characteristic for group 1 
(low BMI) with their most specific manifestations (thumb 
and wrist symptoms, chest deformities, valgus deformity of 
the foot, flat foot, scoliosis, kyphosis, myopia and specific 
facial signs, mitral valve prolapse and indication of sponta-
neous pneumothorax, amongst others) scored significantly 
higher for this group compared to group 2 (standard BMI 
range). These findings are consistent with observations pub-
lished earlier demonstrating an increased incidence of CTD 
with signs of nonspecific variants characteristic for individu-
als with low BMI [10, 12, 20].

Connective tissue dysfunction may be associated with 
the specific morphology of the vessel walls linked to an 
increased stiffness of small vessels — both characteristic 
for low BMI individuals clearly demonstrated for extreme 
cases such as the Marfan, Loeys-Dietz and Ehlers-Danlos 
syndromes, and nonspecific connective tissue disorders [14, 
21]. This functional link becomes particularly evident under 
the extreme vascular stress condition such as pregnancy.

Flammer syndrome individuals — the group of risk 
with well described phenotype

Noteworthy, data collected in the current study demonstrated 
CTD as being particularly characteristic for participants with 
the Flammer syndrome phenotype. Therefore, current study 
brings together systemic effects characteristic for individuals 
with FS phenotype — all potentially linked to connective 
tissue dysfunction and primary vascular dysregulation with 
increased risks of myopia, normal tension glaucoma, small 
vessel disease, ischemic stroke at young age, mitral valve 
prolapse, impaired wound healing and pathological scarring, 
metastatic cancer and complications in pregnancy, amongst 
others [2, 3, 10, 12, 22–26]. Contextually, an increased 
endothelin-1 concentration in blood plasma is characteristic 
for the Flammer syndrome phenotype that can cause vascu-
lar stiffness, particularly in peripheral small vessels and in 
a long-term way may lead to endothelial dysfunction, low-
grade inflammation and related pathologies [4].
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Risks characteristic for maternal pre‑pregnancy 
overweight

Of completely different nature is the mechanism of vascular 
stiffness and endothelial dysfunction in obese individuals 
reflected in big vessels (aortic) stiffness linked to increased 
systolic and diastolic blood pressure as clearly demonstrated 
in our study under the vascular stress condition during preg-
nancy. This group was generally free of CTD symptoms and 
signs. These results are well in consensus with data pub-
lished by other research groups [27, 28].

It has been demonstrated adipokines play a major role in 
increasing arterial stiffness in obesity: adipokine dysregu-
lation may cause endothelial dysfunction, vascular wall 
inflammation and remodelling, which altogether synergisti-
cally contribute to increased arterial stiffness [29–31].

Type and incidence of pregnancy complications 
are specific for individual phenotypes: far‑reaching 
consequences

Collected data demonstrated group-specific complications in 
mother and offspring and high relevance of BMI in pre-preg-
nant mothers recorded. In the literature dedicated to the topic, 
a particular interest is currently dedicated to preeclampsia 
and gestational arterial hypertension (PE & GAH) [32–34].

Consequently, in patients with preeclampsia an increased 
vascular stiffness was demonstrated from the beginning of 
the second trimester of pregnancy followed by an increase in 
the aortic augmentation index and reverse pulse wave veloc-
ity reflecting a pronounced arterial stiffness. Accompanied 
with possible left ventricular dysfunction, this indicates that 
placental dysfunction may occur secondary to maternal car-
diovascular maladaptation characteristic for pregnant women 
diagnosed with preeclampsia [35, 36].

To this end, prospective studies [37, 38] investigating 
women diagnosed with preeclampsia 6 and 12 months post-
partum demonstrated significant differences in their vascular 
stiffness, blood pressure and molecular blood profiles com-
pared to women without PE. Consequently, PE has been 
suggested as a new factor to be involved in maternal health 
risk assessment [37, 39–41].

Whereas PE & GAH were characteristic for group 3 
(overweight), foetal growth restriction and antenatal mor-
tality was typical for group 1 (low BMI). To this end, spe-
cifically FGR attracts a lot of attention of clinical research, 
due to steadily increasing incidence of this complication and 
still poorly understood mechanisms and evident deficits in 
targeted prevention [42–44].

Finally, we found significant deviations in maternal and 
foetal weight gain in both groups 1 (statistically signifi-
cant insufficient maternal weight gain linked to frequently 

monitored foetal hypotrophy) and group 3 (statistically sig-
nificant excessive maternal weight gain linked to frequently 
monitored foetal hypertrophy) compared to group 2 (standard 
BMI range). To this end, it has been demonstrated that infants 
with both excessive and reduced BMI are at increased risk of 
cardiovascular deficits recorded later on in adulthood; moreo-
ver, at particular risk are infants with reduced BMI [45, 46].

Contextually, investigated here maternal health status 
reflected in all parameters measured, is decisive for both 
potential maternal/foetal complications in pregnancy and 
long-term postnatal outcomes. This conclusion is well in 
consensus with other studies [33, 34, 36, 47] considering 
maternal vascular status in pregnancy as a powerful indica-
tor and predictor of maternal and foetal health later on in 
life. Further, newborn weight was positively correlated with 
the parasympathetic nervous system (PNS) index as well as 
with nitric oxide levels, heart rate variability and negatively 
correlated with vascular stiffness.

Conclusions and expert recommendations 
in the framework of 3P medicine

During pregnancy, maternal cardiovascular system is 
exposed to highly increased haemodynamic stress which 
may overload maternal health in sub-optimal conditions 
overlooked in pre-pregnancy time. If not protected against 
consequent damage, progressive abnormalities can be 
expected in the foetal development and maternal health sta-
tus during pregnancy and postpartum. Contextually, there 
are two main concepts to follow in the framework of 3P 
medicine, namely to develop.

1. advanced screening of sub-optimal health in young pop-
ulations to predict and prevent individual health risks 
prior to planned pregnancies

2. in-depth companion diagnostics during pregnancy to 
predict and prevent long-lasting postpartum health risks 
of the mother and offspring.

Data collected in the study supports the working hypoth-
esis by demonstrating

– group-specific complications to the health of mother and 
offspring

– clinical relevance of BMI-related phenotyping in pre-
pregnant mothers and

– the fact that maternal cardiovascular maladaptation 
measured impacts maternal and offspring’s health dur-
ing pregnancy and may indicate lifelong health risks.

Further, diagnostic approach proposed in the study 
revealed of great clinical utility synergies between 
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cardiovascular maladaptation and connective tissue dys-
function. To this end, co-diagnosed pre-pregnancy low BMI, 
pronounced connective tissue dysfunction, increased stiff-
ness of peripheral vessels and decreased blood pressure are 
considered a highly specific maternal phenotype useful for 
novel screening programmes in young populations to pre-
dict and prevent severe health risks of mother and offspring. 
This crucial discovery brings together systemic effects char-
acteristic, for example, for individuals with FS phenotype, 
all potentially linked to connective tissue dysfunction and 
primary vascular dysregulation with increased risks of myo-
pia, normal tension glaucoma, small vessel disease, ischemic 
stroke at young age, mitral valve prolapse, impaired wound 
healing and pathological scarring, cancer and metastatic dis-
ease and complications in pregnancy, amongst others [2, 3, 
10, 12, 22–26].

In summary, proposed maternal phenotyping is instru-
mental to predict individual maternal health risks associ-
ated with pregnancy and to protect mother and offspring 
against complications associated with individually detected 
risk factors. Corresponding screening programmes focused 
on sub-optimal health in young populations to predict and 
to mitigate individual health risks prior to pregnancy is an 
essential innovation for health policy.

Overlooked subtle symptoms and signs potentially 
linked to health risks of the mother and offspring 
during pregnancy and postpartum

1. Hormonal and cardiovascular stress overload caused by 
pregnancy may provoke health-to-disease transition in 
individuals with sub-optimal health conditions predis-
posed to cardiovascular, neurological, neurodegenera-
tive and malignant pathologies. To this end, specialised 
surveys and comprehensive check-up utilising in

2. Innovative molecular biological tests are strongly recom-
mended [2, 4, 48].

3. There are strong individual deviations reported regard-
ing optimal BMI [3]. Data collected in this study dem-
onstrates that the group with the standard pre-pregnancy 
BMI-range to certain extent is at risk of complications 
specific for both low BMI and high BMI groups. This 
means that the standard pre-pregnancy BMI is not a 
guarantee for uncomplicated pregnancy course — subtle 
deviations to health status should be taken into consid-
eration followed by personalised mitigating and protec-
tive measures applied.

4. Increased risk of preeclampsia and gestational arterial 
hypertension is well known for overweight women. 
Pathomechanisms of PE & GAH in women with nor-
mal and low BMI are explored to much less extent. 

Their pre-pregnancy check-up should consider slightly 
enhanced vascular stiffness potentially caused by stress-
related increase in endothelin-1 blood plasma concentra-
tions [4].

5. Complications linked to phenotypically well-detectable 
hereditary connective tissue disorders are well acknowl-
edged in the literature. However, minor connective tis-
sue dysfunction (non-specific connective tissue disease, 
NCTD) with light symptoms is difficult to diagnose. 
Therefore, NCTD is frequently overlooked as a strong 
indicator of systemic effects such as endothelial dys-
function, impaired vasodilatation and low-grade inflam-
mation potentially resulting in moderate to severe health 
risks [49, 50].

6. Increasingly recognised in the scientific community, 
Flammer syndrome phenotype demonstrates clearly 
diagnosable symptoms and behavioural patterns of great 
clinical utility. Phenotype-specific features such as low 
BMI, disturbed microcirculation, increased endothe-
lin-1 level, stress overload, compromised mitochon-
drial health and potential connective tissue dysfunction, 
amongst others — all are relevant for systemic effects, 
sub-optimal health conditions and potential complica-
tions in pregnancy and postpartum [10, 12]. Noteworthy, 
current study demonstrated no cases of PE/GAH/GD 
in the cohort of pregnant women with FS phenotype. 
Further, current study confirmed that FS phenotype 
may be strongly predisposed to oligohydramnios (see 
the “In-depth analysis of individual cases” section) as 
discovered earlier [12]. Compared with women with 
normal values of the amniotic fluid index, otherwise 
healthy pregnant women diagnosed with oligohydram-
nios demonstrate significantly higher rates of an infant 
with meconium aspiration syndrome, cesarean delivery 
for fetal distress and admission to the neonatal intensive 
care unit [51]. Oligohydramnios may be further associ-
ated with the placental-driven foetal growth restriction, 
due to deficient remodelling of the uterine spiral arteries 
supplying the placenta during early pregnancy. Resulting 
mal-perfusion may stress placental tissues, suppress pro-
tein synthesis and reduce cell proliferation. This reduces 
the surface area for maternal–fetal exchange and dys-
regulate gene expression affecting placental transport, 
and endocrine, metabolic and immune functions [52]. 
High level of stress may activate proinflammatory and 
apoptotic pathways contributing to maternal endothelial 
dysfunction and ischemic-hypoxic lesions characteristic 
for individuals with FS phenotype [12]. Flammer syn-
drome phenotype is well diagnosable in puberty [11]. 
Consequently, personalised health risk assessment in 
individuals with FS phenotype is feasible to be per-
formed early in life.
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Main outcomes are summarised in Fig. 3.

Recommendations for individualised mitigation 
measures and protection to health of the affected 
mother and offspring — application of natural 
substances in primary and secondary care

Individualised dietary patterns composed before, during 
and after pregnancy may be health protective for both the 
mother and offspring [53, 54]. Based on the available evi-
dence, herewith we exemplify protective effects of natural 
substances adapted to individual risks listed below.

Oxidative stress

There are evident beneficiary effects attributed to the Medi-
terranean diet (MD) characterised by high intake of fruits, 
vegetables, whole grain cereals, fish, legumes and nuts 
accompanied with a limited consumption of red meat [55]. 
Recent studies demonstrate that MD leads to a significant 
stress reduction resulting in reduced risks of hypotrophy in 
newborns [56]. Antenatal supplementation with antioxidant 
vitamins (including beta-carotene, vitamins) reduces oxida-
tive stress at delivery in mothers at risk of preterm delivery 
and neonates [57]. Further, pomegranate juice which is rich 

in polyphenols demonstrates a potential to reduce placental 
oxidative stress [58].

Endothelial dysfunction

Endothelial dysfunction can be caused by increased blood 
levels of the vasoconstrictor endothelin-1 (ET-1) with far-
reaching consequences [4]. Elevated ET-1 levels are charac-
teristic for individuals with Flammer syndrome phenotype. 
Phytochemicals (e.g. in virgin olive oil, red clover and hop 
extracts) improving the nitric oxide release demonstrate 
potential to increase vasodilatation mitigating thereby the 
endothelial dysfunction related to high ET-1 [59, 60]. Fur-
ther, the anti-inflammatory and cardioprotective properties 
of curcumin (a natural polyphenolic flavonoid isolated from 
the rhizomes of Curcuma longa) are evidently linked to the 
 Ca2+/NFATc1-regulated release of ET-1. This pathway is 
suppressed by dietary curcumin supplements with a protec-
tion potential against cardiovascular risks [61].

Naturally occurring phytochemicals and antioxidants 
beneficially interfere into pathways involved in the inter-
play between endothelial dysfunction, increased oxidative 
stress and preeclampsia risks [62]. Dietary patterns rich in 
vegetable combined with supervised physical activity pat-
terns decrease risks of pregnancy-induced hypertension [63]. 

Fig. 3  Pregnancy-associated 
health risks to mother and 
offspring identified in groups of 
comparison; PPPM approach 
based on pre-pregnancy 
phenotyping of the mother, 
health risk assessment and 
individualised protective and 
mitigation measures proposed 
for primary and secondary care; 
Abbreviations: < –increasing 
prevalence across the groups 
1–3; > –decreasing prevalence 
across the groups 1–3; FS, 
Flammer syndrome; CTD, con-
nective tissues dysfunction; PE, 
preeclampsia; GAH, gestational 
arterial hypertension; GD, 
gestational diabetes; ET-1, end-
dothelin-1
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Further, epigallocatechin gallate significantly improves treat-
ment efficacy of oral nifedipine in pregnancy-induced severe 
preeclampsia [64].

Connective tissue dysfunction

There is a reciprocal interrelationship between CTD and 
pregnancy/outcomes [65]. Contextually, CTD patients are 
at high risk to be monitored and mitigated in pre-pregnancy 
time, during pregnancy and in postpartum care [66]. To this 
end, macronutrients and micronutrients play a multifactorial 
role in CTD development and severity grad. Several plant 
extracts and herbal formulas (such as Camellia sinensis L. 
commonly known as green tea, pycnogenol — an extract 
of Pinus pinaster Aiton, or Sophorae Radix) demonstrate 
evident anti-CTD protection e.g. in case of cutaneous lupus 
erythematosus [67].

Compromised mitochondrial health

Mitochondria play essential role in multiple processes 
beyond energy production, health status, reproductive health, 
physiological changes during pregnancy and embryogenesis. 
Contextually, healthy pregnancy and postpartum requires 
optimal mitochondrial health and its quality control [68]. 
Per evidence, nutrients are directly involved in modulation 
of mitochondrial function that makes mitochondria to the 
target for dietary regulation [69]. To this end, flavonoids are 
highly effective in lowering oxidative stress associated with 
risks for both pregnancy and mitochondrial health [70, 71].

Pro‑inflammatory conditions

Maternal inflammation could result in metabolic reprogram-
ming at the stage of periconceptional period as well as at 
other stages of placental/embryonic development [72]. Natu-
rally occurring phytochemicals exert potent anti-inflamma-
tory effects [73]. To this end, consumption of garlic demon-
strates a significant decrease in CRP levels as measured, for 
example in pregnant women at high risk for preeclampsia 
[74]. Further, silibinin dietary supplement attenuates oxida-
tive metabolism and significantly reduces pro-inflammatory 
cytokine production by monocytes in pregnant women diag-
nosed with preeclampsia [75–77].

Gestational diabetes

Plant-based diet demonstrates potent protective effects 
against gestational diabetes beneficial for groups at high 
risk [78].

The timing

The crucial factor for an effective protection against preg-
nancy-associated risks is the timing. Optimal dietary and 
lifestyle patterns should be adapted to the individual phe-
notype in pre-pregnancy period of time. Exemplified with 
the study presented by Vinter et al., lifestyle intervention in 
obese women in early pregnancy resulted in no improve-
ments in obstetric and metabolic outcomes [79]. The authors 
emphasise the importance of the individualised supervision 
in pre-pregnancy which is crucial for improved pregnancy 
outcomes and post-partum.
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