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Higher hemoglobin levels are
an independent risk factor
for gestational diabetes

Niina Sissalal, Sanna Mustaniemi?3, Eero Kajantie?**>, Marja Vaarasmaki%> &
Peppi Koivunen*™

Incidence of gestational diabetes (GDM) has increased rapidly. It poses significant risks for both
mother and fetus affecting also negatively their longer-term metabolic heath. We asked whether early
pregnancy maternal hemoglobin (Hb) levels, indicative for tissue oxygenation, would affect mother’s
metabolic health and fetal outcome. We assessed in FinnGeDi, a Finnish multicenter case—control
study for GDM (n =1828), association of maternal 1st trimester Hb levels with metabolic parameters
and perinatal outcome. Our data show that mothers with GDM had higher Hb levels compared to
controls (mean difference 1.746 g/L). Hb levels associated positively with pre-pregnancy body mass
index (BMI), fasting glucose levels and glucose levels in a glucose tolerance test and systolic and
diastolic blood pressure (bp) levels. When assessed in quartiles the highest Hb quartile had more
chronic and gestational hypertension and the most adverse outcome of the metabolic parameters,
dose-dependency seen in bp, BMI and glucose levels. In a multivariable regression analysis Hb levels
remained an independently associated parameter for GDM after adjusting for key covariates (OR
1.019, 95% CI [1.007; 1.031]). In conclusion, higher maternal Hb levels within the normal variation are
an independent risk factor for GDM in this population but have little effect on perinatal outcome.

Abbreviations

ANOVA Analysis of variance

bp Blood pressure

BMI Body mass index

DM Type 2 diabetes mellitus

FINNGEDI The Finnish Gestational Diabetes study
GLM General linear model

GDM Gestational diabetes mellitus

HIF Hypoxia-inducible factor

HIF-P4H HIF prolyl 4-hydroxylase

MBR The Finnish Medical Birth Register
OGTT Oral glucose tolerance test

OR Odds ratio

SD Standard deviation

THL The Finnish Institute for Health and Welfare

Gestational diabetes mellitus (GDM) is an increasingly common public health and clinical problem complicating
pregnancy™* The global prevalence varies by countries being 2-25%, the current prevalence in Finland being
20.6%°°. GDM is characterized by hyperglycaemia that develops during pregnancy and resolves after birth?.
The diagnosis is typically based on a pathological glucose tolerance test. The established risk factors include
maternal overweight and obesity, higher maternal age, previous history of GDM, family history of type 2 dia-
betes mellitus (DM) and ethnicity>. GDM poses significant short-term and long-term adverse health outcomes
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for both mother and child reinforcing the importance of acknowledging the risk factors of GDM, in particular
the modifiable factors, and preventing the condition"”®. The established maternal short-term risks associated
with GDM include increased rates of gestational hypertension and pre-eclampsia, and an increased frequency
of Caesarean sections’. Macrosomia is the most significant risk for the fetus associated with an increased risk
of shoulder dystocia and perinatal hypoglycaemia’. In longer term, women with a history of GDM have an
increased risk of DM, metabolic syndrome and cardiovascular diseases"”®. Increased risk for developing obesity
and other metabolic disorders and vascular diseases have also been reported for the offspring of mothers with
GDM in longer term"®. Nutritional therapy and increased physical activity are the cornerstones of GDM care
and are generally recommended as the primary treatment options’. Medical treatment of glucose levels should
be started if normoglycaemia is not achieved with lifestyle changes’.

Hemoglobin (Hb) is the main carrier of oxygen. Hb levels are regulated genetically and environmentally and
they differ by sex, race, age, altitude and smoking®'. Individual Hb levels during adult life are however relatively
stable. During pregnancy, the up to 50% increase in maternal plasma volume without an increase in the number
of red blood cells results in physiological anemia. According to World Health Organization Hb levels<110 g/L
during pregnancy are considered anemic'’. In general, high-end Hb levels within the normal range are con-
sidered beneficial for health!'’. However, higher Hb levels in non-pregnant adults have been associated with
obesity, adverse metabolism, higher blood pressure (bp) levels and increased inflammation'*™*4, all associated
with GDM, suggesting that indeed lower Hb levels within the Hb reference range may associate with healthier
maternal metabolism during pregnancy. Previous studies with small selected Asian and Turkish populations have
associated higher 1st trimester maternal Hb levels with an increased risk for GDM, pre-eclampsia and gestational
hypertension'>'%, The largest so far study with >20,000 Chinese non-smoking singleton participants also asso-
ciated higher early pregnancy Hb levels with increased risk for GDM and pre-eclampsia while no information
about the newborn parameters were reported’®.

The aims of this study were to evaluate the association of maternal Hb levels with altogether > 30 maternal
and perinatal outcome parameters in a Finnish multicenter case—control study for GDM. We set out to evaluate
whether 1st trimester maternal Hb levels are associated with the risk of GDM independent of key sociode-
mographic and pregnancy-related covariates. We also set to compare the association of Hb levels in quartiles
with the metabolic and perinatal outcome among the whole population and the participants with GDM only.
Increased information about the risks for GDM will eventually lead to better maternal and child health through
improved primary prevention.

Materials and methods

Study population. The present study is based on the clinical-genetic arm of The Finnish Gestational Dia-
betes study (FinnGeDi), a multicenter case-control study (for details see?®*!). FinnGeDi has a register-based and
a clinical-genetic arm. Data to the clinical-genetic arm was collected from February 2009 to December 2012 in
seven Finnish delivery hospitals. Altogether 1146 women with singleton pregnancies diagnosed with GDM were
recruited to the study in delivery units before delivery, and the next consenting mother without GDM giving
birth in the same hospital was recruited as a control (n=1066) (Fig. S1). Comprehensive, detailed data on preg-
nancy and delivery were collected from the hospital and the maternity clinic records by trained research nurses
and medical students. Data was supplemented by individually linked register data obtained from the Finnish
Medical Birth Register (MBR) and self-filled questionnaire. All methods were performed in accordance with the
relevant guidelines and regulations.

An oral glucose tolerance test (OGTT) is recommended for screening of GDM in every pregnant woman,
except those in a very low-risk group based on the National Finnish Current Care guidelines introduced in
2008%. The low-risk groups include < 25-year-old primiparous women with BMI <25 kg/m? without family
history of DM and < 40-year-old multiparous women with BMI < 25 kg/m? without history of GDM or a mac-
rosomic newborn (birth weight>4500 g). OGTT was mainly performed between the 24th and 28th gestational
week, except for those in high-risk groups (prior GDM, BMI =35 kg/m?, glucosuria, family history of DM or
polycystic ovary syndrome) it was recommended to be performed between the 12th and 16th gestational week.
In cases in which the first OGTT of a risk group mother was normal, it was repeated between the 24th and 28th
gestational weeks. The diagnostic criteria for GDM was plasma glucose concentration > 5.3 mmol/l after over-
night fasting, >10.0 mmol/l at 1 h of OGTT, or = 8.6 mmol/l at 2 h of OGTT. The diagnosis of GDM was based
on one or more abnormal values in OGTT. Additionally, GDM diagnosis was based on glucose self-monitoring
in case of 24 participants?'.

Inclusion criteria for the present study was Hb level within Finnish reference values for women
(117-155 g/L)*. When gestation is considered the lower limit decreases to 110 g/L, making the reference Hb
ranged in the present study from 110 to 155 g/L. The st trimester Hb value was counted as an average of the
values measured before gestational week 13 to minimize variation. Participants were excluded for (i) missing 1st
trimester Hb values (n=321) or (ii) having Hb levels of > 155 g/L (n=33) or (iii) <110 g/L (n=30). Altogether
1828 participants met the inclusion criteria of whom 958 were diagnosed with GDM and 870 were non-GDM
controls (Fig. S1). The study population was divided into four quartiles according to the 1st trimester Hb levels:
Hb quartile 1 (110-126 g/L), Hb quartile 2 (126.33-132.50 g/L), Hb quartile 3 (133-138.50 g/L) and Hb quartile
4 (139-155 g/L) (Fig. S1). When Hb quartiles were formed including only participants with GDM the Hb levels
were: Hb quartile 1 (110-128 g/L), Hb quartile 2 (128.50-134 g/L), Hb quartile 3 (134.50-140.50 g/L) and Hb
quartile 4 (141-155 g/L).

Each participant gave a written informed consent to participate in the FinnGeDi study after thorough explana-
tion of the purpose of the study. The Finnish Institute for Health and Welfare (THL) holds the database, and the
access is granted through ethics approvals and individual consent and, for register data, by the registry authorities.
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The data has been acquired according to Finnish Act on Medical Research (488/1999 and 295/2004) and the study
has been approved by Ethics Committee of Northern Ostrobothnia Hospital District in 2009.

Measures. Hb levels were measured with a point-of-care-test during the visits to the maternity clinic and
values were obtained from the mother’s maternity clinic record. Information about the OGTT results and phar-
macologically (insulin or metformin) treated GDM were obtained from mother’s medical records. For systolic
and diastolic bp the highest and the second highest values before and after 20th gestational week were collected
from the mother’s medical records. Diagnoses of hypertensive disorders were based on the medical records.
Hypertension was defined as systolic bp > 140 mmHg and/or diastolic bp =90 mmHg repeatedly. Hypertension
was considered as chronic if it appeared before 20 gestational weeks or if the participant used antihypertensive
medication before mid-pregnancy. Pre-eclampsia was defined when hypertension appeared after 20 gestational
weeks combined with proteinuria (0.3 g protein/24-h urine specimen or two > 1 + readings on a dipstick test).
Gestational hypertension was considered when hypertension appeared after 20 gestational weeks and no pro-
teinuria occurred. Maternal educational attainment was categorized as basic or less, secondary, lower-level ter-
tiary and upper-level tertiary and obtained from self-filled questionnaire. The educational data was missing from
212 participants.

Pre-pregnancy BMI was calculated from the participant’s pre-pregnancy height and weight (kg/m?), which
were obtained from the maternity clinic records. Maternal age at the delivery, parity, gravidity and smoking
during pregnancy were obtained from the MBR. Newborn parameters including gestational age at birth, birth
weight, Apgar scores, umbilical artery and vein pH were obtained from the MBR. Placental weight, placental
weight ratio, need for any supplementary oxygen or respiratory support (including everything from a short-term
oxygen supplementation in delivery room to assisted respiration), need for glucose infusion, length of hospital
stay were obtained from the child’s medical records. The birth weight standard deviation (SD) score is a sex-
and parity-specific parameter estimating birth weight and length in singletons born at 23-43 gestational weeks,
according to Finnish standards®.

Statistical analysis. Categorical variables are reported as numbers and frequencies (%) and continuous
variables as means with SD. To characterize the differences between GDM and non-GDM groups Student’s two
tailed f test was used for continuous variables and chi-square test for categorical variables. Pearson’s correla-
tion coeficient was calculated to compare linear dependencies between Hb levels and maternal metabolic and
other parameters and perinatal outcome. To adjust for BMI partial correlation was analyzed. Approximate 95%
confidence intervals for partial correlation were calculated using z-score transformation and linear regression.

To assess the differences between the four different Hb quartiles one-way ANOVA was used for continuous
variables and chi-square tests for categorical variables. To adjust for potential confounding factors; smoking, the
gestational week Hb was measured, pre-pregnancy BMI and chronic hypertension, a general linear model (GLM)
was used. A p value <0.05 was considered statistically significant. p values <0.001 were not given as exact values.

Linear regression (mean difference with 95% confidence interval (CI)) was used for estimating the effect GDM
and covariates to Hb level. Covariates included smoking, the gestational week Hb was measured, pre-pregnancy
BM]I, parity, maternal age at the delivery, educational attainment and hypertensive disorders. Smoking, the ges-
tational week Hb was measured, parity and maternal age at the delivery were included as the factors potentially
affecting the Hb level of the participant. Pre-pregnancy BMI, educational attainment and hypertensive disorders
reflect the metabolic status of the participant. To estimate the risk for GDM a multivariable logistic regression
model was used. The first model was as unadjusted (crude) or having covariates affecting the Hb level and GDM
status subsequently added to the models (models 1-3). To evaluate the models’ performance, area under receiver
operating characteristic (ROC) curve was determined. To gain a deeper understanding of the effects of Hb levels
on GDM risk, Models 2 and 3 were re-analysed without 1st trimester Hb levels and the gestational week Hb was
measured as covariates.

Statistical analyses were calculated using IBM SPSS statistics version 27.0 (IBM Corp, Armonk, NY, USA).

Results

Women with GDM have higher Hb levels and higher BMI.  Characteristics of the study population
showed that women with GDM were older than the non-GDM controls and they had more comorbidities dur-
ing pregnancy, such as pre-eclampsia and gestational hypertension (Table 1). The women with GDM also had
higher 1st trimester Hb levels, pre-pregnancy BMI and systolic and diastolic bp before and after 20 weeks of
pregnancy compared to non-GDM (Table 1). Newborns of women with GDM were heavier and needed more
support postnatally than the non-GDM offspring (Table 1). Regarding smoking during pregnancy, the groups
were comparable (Table 1). There were less women in the GDM group in the highest educational attainment
category (upper-level tertiary) compared to controls but no significant differences between the other educational
attainment categories (Table 1).

Associations of Hb levels with maternal metabolic parameters and perinatal outcome. We
next examined the association of 1st trimester Hb levels with maternal metabolic and other parameters and peri-
natal outcome. There was a positive association between the Hb level and pre-pregnancy BMI (Fig. 1, Table S1).
A positive association between the Hb level and fasting glucose level, 1 h glucose level in an OGTT and systolic
and diastolic bp throughout pregnancy was also detected and it remained significant after adjusting for pre-
pregnancy BMI (Fig. 1, Table S1). Parity and gravidity associated negatively with Hb levels independent of pre-
pregnancy BMI, as did also maternal age at delivery when adjusted for pre-pregnancy BMI (Fig. 1, Table S1). The
positive association between maternal Hb level and placental weight ratio was lost after adjusting for BMI while
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GDM non-GDM
Parameter n=958 n=_870 P
Maternal characteristics
Hb (g/L), 1st trimester 134 (9.4) 131 (9.0) <0.001
Pre-pregnancy BMI (kg/m?) 28.0 (5.98) 23.6 (4.26) <0.001
Maternal age (y) 31.9(5.3) 29.4(5.2) <0.001
Parity 1.19 (1.78) 0.98 (1.68) 0.011
Gravidity 1.76 (2.21) | 1.38(1.98) | <0.001
Educational attainment 859 757
Basic or less 56 (6.5) 35 (4.6) 0.10
Secondary 397 (46.2) 344 (45.4) 0.76
Lower-level tertiary 231(26.9) 184 (24.3) 0.24
Upper-level tertiary 175 (18.3) 194 (25.6) 0.01
Chronic hypertension (n (%)) 148 (15.4) 45 (5.2) <0.001
Gestational hypertension (n (%)) 200 (20.9) 124 (14.3) <0.001
Pre-eclampsia (n (%)) 57 (5.9) 23 (2.6) <0.001
Pharmacologically treated GDM (n (%)) 170 (17.7) 0 <0.001
Smoking during pregnancy (n (%)) 163 (17.1) 125 (14.4) 0.11
Fasting glucose (mmol/L) 5.26 (0.52) 4.66 (0.29) <0.001
1 h glucose (OGTT) (mmol/L) 9.47 (1.85) 7.14 (1.38) <0.001
2 h glucose (OGTT) (mmol/L) 7.42 (1.68) 5.83 (1.07) <0.001
Systolic bp before 20 weeks (mmHg) 124 (12.4) 118 (10.7) <0.001
Diastolic bp before 20 weeks (mmHg) 76 (9.1) 72(7.9) <0.001
Systolic bp after 20 weeks (mmHg) 133 (13.0) 128 (10.8) <0.001
Diastolic bp after 20 weeks (mmHg) 84(9.2) 81(8.3) <0.001
Newborn characteristics
Gestational age (wk) 39.6 (1.40) 40.1 (1.42) <0.001
Birth weight (g) 3632 (503) 3564 (488) 0.004
Birth weight SD 021(1.11) | -0.12(0.97) | <0.001
Placental weight (g) 643 (140) 603 (121) <0.001
Placental weight ratio (%) 17.7 (2.87) 16.9 (2.50) <0.001
Apgar 1 min 8.51(1.32) | 8.60(1.16) 0.14
Apgar 5 min 8.92 (0.85) 8.96 (0.89) 0.34
Umbilical artery pH 7.25(0.085) | 7.24 (0.083) 0.45
Umbilical vein pH 7.34(0.077) | 7.33 (0.081) 0.25
Need of intensive care 101 (10.5) 58 (6.7) 0.003
Need of any supplementary oxygen' (n (%)) 121 (13.0) 78 (9.2) 0.010
Need of glucose infusion (n (%)) 78 (8.5) 27 (3.2) <0.001
Hospital stay (d) 3.83 (2.56) 3.30 (1.82) <0.001

Table 1. Characteristics of the study population. The values are mean with (SD) or number (n) with (%). Total
participants (n=1828). ! Need of any supplementary oxygen or respiratory support. GDM gestational diabetes,
Hb hemoglobin, BMI body mass index, OGTT oral glucose tolerance test, bp blood pressure, SD standard
deviation.

that for the newborn hospital stay stayed significant independent of pre-pregnancy BMI (Fig. 1, Table S1). No
significant associations were seen with the maternal Hb levels and newborn parameters including birth weight
and umbilical artery or vein pH (Fig. 1, Table S1).

Characteristics of the participants in four Hb quartiles. The study participants were then divided to
four quartiles according to their 1st trimester Hb levels with Hb quartile 1 having the lowest and Hb quartile
4 the highest levels. The women in Hb quartiles 2, 3 and 4 had higher prevalence of GDM, gestational hyper-
tension and chronic hypertension compared to Hb quartile 1 (Table 2). Systolic and diastolic bp showed a sig-
nificant dose-dependent increase throughout pregnancy in Hb quartiles 2, 3 and 4 and in Hb quartile 4 these
associations retained their significance after adjusting for smoking, the gestational week Hb level was measured,
pre-pregnancy BMI and chronic hypertension (Table 2). An identical dose dependent increase in pre-pregnancy
BMI and fasting glucose levels was seen in Hb quartiles 2-4, with Hb quartile 4 showing the most adverse values
(Table 2). When smoking and the gestational week Hb was measured were used as covariates, the pre-pregnancy
BMI and fasting glucose levels remained significantly higher in Hb quartile 4 (Table 2). The 1 h glucose lev-
els in an OGTT were the highest in the Hb quartile 4 and remained statistically significant after adjusting for
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Figure 1. Associations of Hb levels with maternal metabolic parameters and perinatal outcome. Forest plots
representing the effect sizes and their 95% confidence interval with Pearson correlation (blue) or partial
correlation adjusted for BMI (red). BMI body mass index, OGTT oral glucose tolerance test, bp blood pressure.

smoking, the gestational week Hb was measured and pre-pregnancy BMI (Table 2). The newborn need for any
supplementary oxygen or respiratory support or intravenous glucose administration and the days the newborn
stayed in hospital were the highest in Hb quartile 4 (Table 2). No differences between the Hb quartiles were seen
in the other newborn parameters including birth weight, gestational age, placental weight or the Apgar scores
(Table 2).

Association of Hb levels with GDM risk.  The participants with GDM showed higher Hb levels compared
to non-GDM controls after adjusting for smoking, the gestational week Hb was measured, pre-pregnancy BMI,
parity, maternal age, educational attainment and hypertensive disorders (Table 3). In a multivariable regression
analysis Hb levels remained an independently associated parameter for GDM after adjusting for two (Model
1), six (Model 2) or seven (Model 3) of the most relevant covariates, Model 3 being adjusted for smoking, the
gestational week Hb was measured, maternal age, parity, pre-pregnancy BMI, maternal educational attainment
and hypertensive disorders (Fig. 2a, Table S2). When assessed in Hb quartiles, Hb quartile 4 showed increased
risk for development of GDM independently from the participant’s pre-pregnancy BMI and all other covariates
compared to the lowest Hb level quartile (Fig. 2b, Table S3).

We then evaluated the quality of the Models by calculating the specificity, sensitivity, F,-score and area under
the ROC curve for each developed model. Using Hb as a linear variable, crude Hb had 70.0% sensitivity and
42.0% specificity (ROC AUC 0.591, 95% CI [0.565; 0.617]) on prediction of GDM while Model 2 had the highest
sensitivity (70.7%) and specificity (70.7%) (ROC AUC 0.768, 95% CI [0.746; 0.789]) (Fig. 2a, Table S4). When
Hb levels were assessed in quartiles, crude Hb had sensitivity of 57.1% and specificity of 55.4% (ROC AUC
0.587, 95% CI [0.561; 0.613]), Model 3 having the highest performance with sensitivity of 70.5% and specificity
of 70.0% (ROC AUC 0.772, 95% CI [0.750; 0.793] (Table S4). When Hb levels were removed from the Models
2 and 3 as a linear variable in multivariable logistic regression it resulted in a decline in ROC AUCs (0.768 vs.
0.763 in Model 2 and 0.771 vs. 0.768 in Model 3) (Table S4). Therefore, addition of the 1st trimester Hb levels to
Models slightly improved their performance in predicting the GDM risk, being in line with the role of Hb as a
tissue oxygenation marker and likely contributing to maternal metabolism.

Characteristics of the participants with GDM in four Hb quartiles. When participants with GDM
were divided to four quartiles based on their 1st trimester Hb level, with Hb quartile 1 having the lowest and
Hb quartile 4 the highest levels, no statistical significance was detected in the prevalence of pharmacologically
treated GDM between the Hb quartiles (Table 4). Although there was a tendency for gestational hypertension
to increase with the Hb level, similarly to the full study population, only the prevalence of chronic hyperten-
sion reached significance between the quartiles being higher in Hb quartile 4 (Tables 2, 4). Pre-pregnancy BMI,
fasting glucose level and bp parameters differed significantly between the Hb quartiles among the participants
with GDM, participants in Hb quartile 4 having the most adverse values, and a dose-dependent increase being
detected for pre-pregnancy BMI and diastolic bp throughout pregnancy (Table 4). After adjusting for smoking,
the gestational week Hb was measured, pre-pregnancy BMI and chronic hypertension, diastolic bp before and
after mid-pregnancy was higher in Hb quartile 4, as was systolic bp before 20 weeks (Table 4). No differences
between the Hb quartiles were seen with the newborn parameters among participants with GDM (Table 4).

Discussion

In the current case-control study we showed that within the Finnish reference values, a higher 1st trimester Hb
level is an independent risk factor for development of GDM. Especially, the highest Hb quartile (Hb quartile
4, 141-155 g/L) showed an increased risk for GDM (OR 1.604 95% CI [1.192; 2.160]) which was independent
of maternal pre-pregnancy BMI levels. These results are in line and in scale with most of the previous studies
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Parameter Hb quartile 1 | Hb quartile2 | Hb quartile 3 | Hb quartile 4
Maternal characteristics

Number of participants 466 427 460 475

Hb (g/L) 121 (4.24) 130 (1.68)* 135 (1.75)* 145 (4.13)*¢
GDM (n (%)) 199 (42.7) 212 (49.6) 241 (52.4) 306 (64.4)*
Pharmacologically treated GDM (n (%)) 39(8.4) 35(8.2) 38(8.3) 58 (12.2)
Pre-pregnancy BMI (kg/m?) 24.2 (4.91) 25.9 (5.66)* 26.2 (5.91)* 27.4 (5.76)*Y
Maternal age (y) 30.8 (5.36) 30.8 (5.31) 30.4 (5.55) 30.6 (5.23)
Chronic hypertension (n (%)) 26 (5.6) 50 (11.7) 43(9.3) 74 (15.6)*
Gestational hypertension (n (%)) 59 (12.7) 70 (16.4) 85 (18.5) 110 (23.2)*
Pre-eclampsia (n (%)) 17 (3.6) 19 (4.4) 18 (3.9) 26 (5.5)
Parity 1.18 (1.97) 1.04 (1.76) 1.11 (1.65) 1.03 (1.57)
Gravidity 1.65 (2.38) 1.54 (2.13) 1.61 (2.05) 1.52 (1.85)
Fasting glucose (mmol/L) 4.92 (0.50) 5.04 (0.53)* 5.06 (0.51)* 5.11 (0.57)*Y
1 h glucose (OGTT) (mmol/L) 8.32(2.08) 8.56 (2.02) 8.57 (2.04) 8.89 (1.96)*¢
2 h glucose (OGTT) (mmol/L) 6.78 (1.63) 6.87 (1.68) 6.82 (1.67) 6.86 (1.71)
Systolic bp before 20 weeks (mmHg) 118 (12.2) 121 (12.1)* 121 (10.6)* 125 (12.0)*%
Diastolic bp before 20 weeks (mmHg) 71 (8.4) 74 (9.1)* 74 (8.2)* 77 (8.7)*%
Systolic bp after 20 weeks (mmHg) 128 (12.5) 131 (12.9)* 130 (10.9)* 134 (12.4)*%
Diastolic bp after 20 weeks (mmHg) 80 (8.8) 83 (9.2)* 82 (8.1)* 85 (9.0)*%
Newborn characteristics

Gestational age (wk) 39.9 (1.38) 39.9 (1.44) 39.9 (1.45) 39.7 (1.45)
Birth weight (g) 3584 (499) 3596 (513) 3632 (493) 3588 (484)
Birth weight SD -0.0016 (1.05) | 0.049 (1.08) 0.10 (1.03) 0.070 (1.08)
Placental weight (g) 618 (127) 622 (139) 632 (134) 625 (130)
Placental weight ratio (%) 17.2 (2.54) 17.3 (2.73) 17.4 (2.86) 17.5 (2.76)
Apgar 1 min 8.62 (1.17) 8.49 (1.36) 8.60 (1.22) 8.50 (1.26)
Apgar 5 min 8.95 (0.80) 8.96 (0.81) 8.96 (0.94) 8.90 (0.90)
Umbilical artery pH 7.24 (0.085) 7.24 (0.084) 7.25 (0.083) 7.24 (0.085)
Umbilical vein pH 7.34 (0.080) 7.33(0.082) 7.34(0.073) 7.33 (0.080)
Need of any supplementary oxygen' (n (%)) 45(9.9) 46 (11.0) 41(9.2) 67 (14.6)*
Need of glucose infusion (n (%)) 17 (3.7) 31(7.4) 23(5.2) 34 (7.4)*
Hospital stay (d) 3.30 (1.54) 3.59 (2.41) 3.66 (2.67) 3.75 (2.23)%

Table 2. Characteristics of the study population in four Hb quartiles. The values are mean with (SD) or
number (n) with (%). Total participants (n=1828). *Statistical significance when compared to Hb quartile
1. YAdjusted for smoking and the gestational week hemoglobin was measured. Adjusted for smoking, the

gestational week hemoglobin was measured and pre-pregnancy BML. ¥Adjusted for smoking, the gestational
week hemoglobin was measured, pre-pregnancy BMI and chronic hypertension. Need of any supplementary

oxygen or respiratory support. Hb hemoglobin, GDM gestational diabetes mellitus, BMI body mass index,
OGTT oral glucose tolerance test, bp blood pressure.

Variable Mean difference in Hb (g/L) 95% CI p value
GDM 1.746 0.822,2.670 <0.001
Smoking during pregnancy 0.747 -0.444, 1.939 0.219
Hb week -0.506 -0.802, -0.210 0.001
Pre-pregnancy BMI 0.204 0.120, 0.287 <0.001
Parity -0.027 —-0.429, 0.375 0.895
Maternal age -0.100 —-0.189, -0.012 0.026
Educational attainment -0.197 -0.563, 0.169 0.292
Hypertensive disorders! 2.107 1.153, 3.061 <0.001

Table 3. Linear regression model for Hb. Total participants (n=1822). 'Hypertensive disorders include

chronic hypertension, gestational hypertension and pre-eclampsia. GDM gestational diabetes, Hb week the

gestational week hemoglobin was measured, BMI body mass index.
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Figure 2. Multivariable logistic regression risk model of gestational diabetes mellitus (GDM). (a) Hemoglobin
(Hb) as a linear variable in the logistic regression model. Crude Hb =unadjusted model. Model 1 =adjusted

for smoking and the gestational week Hb was measured. Model 2 =adjusted for smoking, the gestational week
Hb was measured, maternal age, parity, pre-pregnancy body mass index (BMI) and maternal educational
attainment. Model 3 =adjusted for smoking, the gestational week Hb was measured, maternal age, parity, pre-
pregnancy BMI, maternal educational attainment and hypertensive disorders. (b) Hb divided to quartiles and
compared with quartile 1 with the lowest Hb level (110-126 g/L) with logistic regression. Q2 =Hb quartile 2 (Hb
127-132 g/L), Q3 =Hb quartile 3 (Hb 133-138 g/L), Q4 =Hb quartile 4 (139-155 g/1). Crude Hb =unadjusted
model. Models 1-3 as in (a). n=1816 in (a) and (b). Model ROC AUC =area under receiver operating
characteristic curve of the models. CI confidence interval.

including two large studies (n>20,000 and n>360,000) with East Asian subjects'>~'**>?, while some small
studies with mixed ancestry or Iranian subjects failed to show an increased risk for GDM with higher Hb
levels?”~%° (Table 5). On the other hand, there are a few studies that have reported a decreased risk for GDM in
anemic pregnancies®*’!. Nutritional status has been considered the most relevant factor underlaying the relation
between Hb levels and GDM"*~*2%*! poor nutritional status being a factor behind anemia and better nutritional
status leading to obesity and metabolic dysfunction. Also, iron overload and increased oxidative stress leading
to inhibition of insulin internalization and function can result to hyperinsulinemia and insulin resistance with
high Hb levels®.

Our group has recently shown that within the normal variation of Hb levels, lower Hb levels could be used
as a surrogate measure for hypoxia'®. The lower Hb levels associated with low-grade activation of the hypoxia-
inducible factor (HIF) mediated transcriptional response, the HIF prolyl 4-hydroxylases (HIF-P4Hs) acting as
the oxygen sensing component in this pathway. The HIF-mediated reprogramming of energy metabolism, leading
to promotion of insulin-independent glucose intake and upregulation of the non-oxygen demanding glycolytic
metabolism and downregulation of oxidative phosphorylation, has been shown to mediate protection against
obesity and metabolic syndrome resulting in reduced body weight and adiposity, lower serum cholesterol levels,
less white adipose tissue inflammation and improved glucose tolerance and insulin sensitivity in human and mice,
also during gestation'*****. Combining the results of this study, we offer HIF activation as a potential mechanism
behind the protective effect of the lower-end normal Hb levels and decreased risk for GDM.

During pregnancy hemodilution is a physiological phenomenon to improve blood flow to the uterus and
developing fetus. Hemodilution starts already during the 1st trimester, Hb reaching its lowest levels around ges-
tational week 20 after which the Hb levels starts to rise reaching the pre-pregnancy level around gestational week
30 if the nutritional status allows™. The maternal Hb levels have a u-shaped association to adverse pregnancy
disorders and outcomes®®. The Hb levels here were measured during the first visit (average gestational week 9.26)
to a maternity clinic with point-of-care testing. Timing of the first visit hence affects the Hb level measured which
was used as a covariate in many analyses. In Finland, iron supplementation is provided to all mothers with Hb
levels <110 g/L before the 12th gestational week or after 28th gestational week if the Hb levels decline to < 105 g/
L. The participants’ iron status in this study was unknown but the participants with pre-existing iron deficiency
were excluded from the analyses based on the set lower-end Hb limit (110 g/L).

A positive association between Hb levels and BMI that is independent of sex or age has earlier been reported
in Finnish cohorts'*** and was replicated here. The association was seen also in the Hb quartile comparisons,
where the pre-pregnancy BMI increased Hb dose-dependently. Pre-pregnancy BMI is a strong predictor for the
development of insulin resistance, DM and GDM. Since the Hb levels are an independent risk factor for GDM
and undeniably associate with BMI, the underlaying effect of Hb to the development of GDM and maternal
health might be even greater.

The association of higher Hb levels with gestational hypertension is well-established*®*. In addition our group
has shown in three separate Finnish cohorts the association between Hb levels and bp parameters and other
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Variable Hb quartile 1 | Hb quartile2 | Hb quartile 3 | Hb quartile 4
Maternal characteristics

Number of participants 254 237 213 254

Hb (g/L) 122 (4.75) 132 (1.63)* 137 (1.63)* 146 (3.65)*¢
Pre-pregnancy BMI (kg/m?) 26.7 (6.00) 28.3 (5.94)* 28.2 (6.04)* 28.9 (5.76)*Y
Maternal age (y) 32.3 (5.25) 31.8 (5.26) 31.7 (5.47) 31.6 (5.15)
Pharmacologically treated GDM (n (%) 44 (19.6) 44 (16.4) 30 (14.1) 53 (20.8)
Chronic hypertension (n (%)) 22 (9.8) 46 (17.2) 25(11.7) 55(21.6)*
Gestational hypertension (n (%)) 36 (16.1) 53 (19.8) 49 (23.0) 62 (24.3)
Pre-eclampsia (n (%)) 12 (5.4) 16 (6.0) 12 (5.6) 18 (7.1)
Parity 1.30 (2.24) 1.14 (1.58) 1.11 (1.48) 1.19 (1.68)
Gravidity 1.87 (2.68) 1.72 (2.11) 1.71 (2.02) 1.74 (1.92)
Fasting glucose (mmol/L) 5.18 (0.50) 5.28 (0.51) 5.27 (0.47) 5.31 (0.57)*Y
1 h glucose (OGTT) (mmol/L) 9.58 (1.83) 9.17 (1.97) 9.54 (1.82) 9.57 (1.77)
2 h glucose (OGTT) (mmol/L) 7.54 (1.55) 7.38 (1.68) 7.45 (1.76) 7.30 (1.75)
Systolic bp before 20 weeks (mmHg) 121 (13.2) 124 (12.4) 123 (10.6) 127 (12.2)*%
Diastolic bp before 20 weeks (mmHg) 73 (9.0) 77 (9.2)* 77 (8.2)* 79 (9.1)*%
Systolic bp after 20 weeks (mmHg) 131 (14.2) 133 (12.2) 133 (12.0) 136 (13.0)*¢
Diastolic bp after 20 weeks (mmHg) 82(9.7) 85 (8.8)* 84 (8.3)* 86 (9.2)*%
Newborn characteristics

Gestational age (wk) 39.6 (1.48) 39.7 (1.38) 39.7 (1.31) 39.5 (1.40)
Birth weight (g) 3625 (536) 3674 (499) 3604 (499) 3624 (474)
Birth weight SD 0.192 (1.15) 0.299 (1.08) 0.0995 (1.09) 0.241 (1.13)
Placental weight (g) 636 (139) 657 (138) 631 (146) 647 (135)
Placental weight ratio (%) 17.5 (2.68) 17.8 (2.93) 17.6 (3.12) 17.9 (2.76)
Apgar 1 min 8.42 (1.54) 8.47 (1.43) 8.65 (0.96) 8.53(1.24)
Apgar 5 min 8.85 (0.96) 8.89 (0.95) 9.03 (0.65) 8.92 (0.79)
Umbilical artery pH 7.24 (0.092) 7.24 (0.087) 7.26 (0.079) 7.25 (0.082)
Umbilical vein pH 7.34 (0.085) 7.33(0.074) 7.35 (0.066) 7.34(0.079)
Need of any supplementary oxygen' (n (%)) 28 (12.8) 33 (12.5) 20 (9.8) 40 (16.3)
Need of glucose infusion (n (%)) 15 (6.9) 26 (10.0) 15 (7.4) 22(9.0)
Hospital stay (d) 3.58 (1.77) 4.05 (3.09) 3.92 (3.12) 3.79 (2.10)

Table 4. Characteristics of the participants with GDM in different Hb quartiles. The values are mean

with (SD) or number (n) with (%). Total participants (n =958). *Statistical significance when compared to
Hb quartile 1. YAdjusted for smoking and the gestational week hemoglobin was measured. ?Adjusted for
smoking, the gestational week hemoglobin was measured and pre-pregnancy BML. “Adjusted for smoking,
the gestational week hemoglobin was measured, pre-pregnancy BMI and chronic hypertension. 'Need of any
supplementary oxygen or respiratory support. GDM gestational diabetes mellitus, Hb hemoglobin, BMI body
mass index, OGTT oral glucose tolerance test, bp blood pressure.

cardiovascular risk factors'>*. In this study we showed the same association in pregnant women. Bp values rose
dose-dependently regarding Hb levels. Focusing only to participants with GDM the same effect was seen. Here,
the association of bp levels with the Hb levels was the most sustained association after adjusting for the GDM
covariates. Within the participants with GDM the association of Hb levels with systolic bp after mid-pregnancy
lost its significance after adjusting for covariates. This could reflect the high prevalence of gestational hypertension
and medications started during pregnancy which were not included as covariates. It was shown that participants
with hypertensive disorders during pregnancy had higher Hb values compared to non-hypertensives, mean dif-
ference being 2.107 g/L (95% CI [1.153; 3.061]).

Concentrating only to participants with GDM there was a significant difference between the Hb quartiles in
fasting glucose values which were mainly explained by the higher BMI. Interestingly, there was no significant
difference between the Hb quartiles and the severity of GDM based on the proportion of pharmacologically
treated participants with GDM.

Surprisingly, there was no significant association with maternal Hb levels and birth weight. Hypoxia is a
known risk factor for intrauterine growth retardation*” and both anemia and high Hb levels associate with
increased risk for small-for-gestational age®. In line with the previous results'® there was no association with
the higher 1st trimester Hb levels and adverse neonatal outcomes. However, newborns of mothers in the highest
Hb quartile had a higher need for any supplementary oxygen or respiratory support and glucose administration,
which reflects the higher number of participants with GDM in that group. Also, the newborn’s hospital stay was
longer in the highest Hb quartile reflecting the higher prevalence of GDM and the increased need for neonatal
intensive care. Although gestational age is a marked explanator behind this difference there were no significant
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Study

Ancestry

n Hb groups Crude OR (95% CI) | Adjusted OR (95% CI) | Covariates

Lao et al. 2002'°

Chinese

Pre-pregnancy BMI,

762 (GDM, n=94) maternal age, parity

>130g/Lvs.<130 g/L | 1.87 (1.18; 2.96) 1.73 (1.08; 2.78)

Chen et al. 2006*

US Hispanic, African
American, Caucasian,

Asian

Maternal age, ethnicity,
parity, family history of
diabetes

1456 (GDM, n=45) | >130 g/L vs.<130 g/L 0.81 (0.36; 1.81)

Wang et al. 2018

Chinese

Maternal age, pre-
pregnancy BMI, gravid-
ity, parity, educational
level, the gestational
week hemoglobin was
measured, family history
of diabetes

21,577 (GDM, n=4337) | 75-182 g/L 1.019 (1.016; 1.023) 1.015(1.1011; 1.018)

Behboudi-Gandevani
etal. 2013%

Iranian

Maternal age, pre-
pregnancy BMI,
educational level, parity,
passive smoking, history
of gestational diabetes
and/or family diabetes,
serum zinc/iron levels
and deficient intakes

Assessed as linear, mean

1033 (GDM, n=72)| |1 o/l

1(0.8;1.3)

Soheilykhah et al. 2017%

Iranian

1358 (GDM, n=300) | >135 g/Lvs.<135g/L 1.19 (0.88; 1.6)

Kim et al. 2021%°

Korean

Maternal age, parity,
smoking, pre-pregnancy
BMI, hypertension, fast-
ing glucose, high AST,
high ALT, high total
cholesterol

366,122 (GDM,
n=14,799)

>130 g/L vs. 110-

130 /L (pre-pregnancy) 1.185 (1.145; 1.226)

Lietal. 2021%

Chinese

Maternal age, pre-
pregnancy BMI, parity,
HbAIG, fasting glucose,
ALT and AST concentra-
tions

>150 g/L vs.

1360 (GDM, n=343) | [, 1 8000

2.09 (1.49; 2.92) 1.92 (1.27; 2.88)

Table 5. Summary of earlier studies presenting data on the association of 1st trimester Hb levels with the
risk for GDM. Included were studies reporting odds ratio (OR) with 95% confidence intervals (CI). Hb
hemoglobin, GDM gestational diabetes mellitus, BMI body mass index, ALT alanine aminotransferase, AST
aspartate aminotransferase.

differences in gestational age between the Hb quartiles. Participants with GDM had a shorter gestation due to
inductions in earlier stage of gestation and likely higher proportion of Cesarean sections affecting the longer
hospital stay.

In a case—control study, like the current one, the study population gives limitations to applicability of the
results. The participants with GDM were significantly older (by average of 2.5 years), were less-often educated
to upper-level tertiary and had more adverse metabolic parameters to start with. The highest risk factor for
development of GDM is a previous GDM. This study population included 870 primigravida for whom such
information is not available. Polycystic ovary syndrome has previously been reported as a BMI-dependent risk
factor for GDM in this study population?’.

Risk for GDM is affected by ethnicity?® and to our knowledge this is the first study assessing the connection
of 1st trimester Hb levels and risk for development of GDM in a population of European ancestry (Table 5).
The size of the study population (n=1828) gave an opportunity to widely assess different parameters from both
mothers and newborns and combine these data in a unique way. The case—control setting offered an opportunity
to also assess parameters concentrating to GDM group. In our study there were 958 participants with GDM
as in previous studies the numbers have been significantly less (Lao et al. n=94, Tarim et al. n=20, Phalopra-
karn et al. n=65), only the large Chinese study exceeded the number of mothers with GDM in our study with
n=4337'1_In here we assessed the Hb level both as a continuous variable and in four quartiles within the
normal variation of the Finnish reference values providing information from Hb levels which did not include
anemic or erythrocytic individuals.

In conclusion, higher Hb levels in the 1st trimester associated with an adverse metabolic profile leading to
increased risk for GDM. Normal variation of Hb levels did not have a marked association with the perinatal
health of the newborn. In reverse, lower-end normal Hb levels could protect from development of GDM likely
by inducing slight tissue hypoxia and HIF activation. The latter could also be established by HIF-P4H inhibi-
tors which are a novel group of pharmaceuticals, the first compounds Roxadustat (Evrenzo) and Daprodustat
(Duvagq), recently approved in Asia and Europe for treatment of renal anemia. The clinical studies have reported
in addition to correction of anemia beneficial effects to serum cholesterol levels and lipid profile, and also indi-
cations of improved glucose tolerance and decreased bp values*~**. GDM is a strong predictor for metabolic
problems later in life and targeting the HIF-P4H inhibitor treatment to this high-risk group after pregnancy
could provide a novel treatment option to improve the metabolic health of these women and decrease the burden
for public health.
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