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Objective: This study aims to identify the risk factors associated with short stature in children born small for gestational age (SGA) at full-term.

Methods: This was a retrospective study. The subjects were full-term SGA infants who were followed up until the age of 2 years. The risk factors for short stature were identified with univariate and multivariate analyses.

Results: Of 456 full-term SGA children enrolled in this study, 28 cases had short stature at 2 years of age. A significant decrease in placental perfusion was found in the short children group with intravoxel incoherent motion (IVIM) technology, which was an advanced bi-exponential diffusion-weighted imaging (DWI) model of magnetic resonance imaging (MRI) (p = 0.012). Compared to non-short children born SGA at full-term, the short children group underwent an incomplete catch-up growth. Mothers who suffered from systemic lupus erythematosus were more likely to have a short child born SGA (p = 0.023). The morbidity of giant placental chorioangioma was higher in the short children group. The pulsatility index (PI), resistivity index (RI), and systolic-diastolic (S/D) ratio of umbilical artery were higher in the short children group than in the non-short control group (p = 0.042, 0.041, and 0.043). Multivariate analysis demonstrated that decrease of perfusion fraction (fp) in IVIM of placental MRI, chromosomal abnormalities, short parental height, and absence of catch-up growth were associated with a higher risk of short stature in children born SGA at full-term.

Conclusion: Risk factors for short stature in full-term SGA children at 2 years of age included a decrease of perfusion fraction fp in IVIM of placental MRI, chromosomal abnormalities, and short parental height.
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INTRODUCTION

Small for gestational age (SGA) is defined as birthweight and length <10th percentile for gestational age (1, 2). According to different gestational age, SGA infants are divided into full-term, preterm, and post-term. Full-term SGA infants comprise a heterogeneous group with a broad spectrum of clinical characteristics and are at increased risk of perinatal morbidity, persistent short stature, and metabolic alterations in later life. However, approximately 90% of SGA infants show catch-up growth during the first years of life and achieve sufficient growth to normalize their stature by 2 years of age. The remaining 10% have a height below−2 SD score throughout adolescence and have short stature in adulthood (3, 4). Therefore, it is essential to identify any risk parameters for predicting the outcomes of full-term SGA children at 2 years of age and to determine the optimal time for initiating growth hormone therapy.

Some clinical research has demonstrated that reduced size at birth may result from fetal, maternal, and/or placental factors (5–7). However, it is still currently difficult during the perinatal period, to predict precisely which child will have short stature at 2 years of age. Functional magnetic resonance imaging (MRI) methods may help to diagnose placental insufficiency. Indeed, an advanced bi-exponential diffusion-weighted imaging (DWI) model, the intravoxel incoherent motion (IVIM) MRI, can be used to quantify placental perfusion and diffusion (8, 9). For evaluating placental perfusion, IVIM employs some functional parameters, including perfusion fraction f and D, which represents capillary perfusion and vessel flow velocity respectively (8). Recently, our study validated that the perfusion fraction fp can be utilized to distinguish fetal growth-restricted pregnancies from normal pregnancies (9). IVIM was helpful to improve the diagnosis of placental dysfunction.

A 6.8–11.4% increase of chromosomal abnormalities at karyotyping was demonstrated in SGA patients at full-term compared to normal infants (7, 10, 11). Ruan Peng et al. reported the chromosomal and sub-chromosomal anomalies associated to SGA fetuses (10). SGA infants experience fetal growth restrictions, especially those born full-term (7, 10). The long-term influence of chromosomal abnormalities on growth and height of full-term SGA children after birth deserves further investigation.

The aim of the present study was to investigate the risk factors for short stature in full-term SGA children. Identified factors that cause growth impairment in these children may enable us to find therapeutic or preventive options.



MATERIALS AND METHODS

This retrospective study was performed at Jiangsu province hospital in China. The children born between 1 January 2016 and 30 November 2019, who were followed up to 2 years of age and met the following criteria, were included. The inclusion criteria were: 1. Gestational age ≥ 37 weeks and < 42 weeks; 2. SGA, defined as birthweight < 10th percentile for gender and gestational age by Chinese birthweight growth charts; 3. clinical follow-up available until 2 years of age (4). The exclusion criteria included congenital malformation and genetic metabolic disease. Renal tubular acidosis, vitamin D-resistant rickets, and other metabolic diseases which may cause short stature were excluded. Endocrine diseases, such as thyroid and adrenal disorders, were also excluded. Standard deviation (SD) and Z scores of heights at 12, 18, and 24 months of age were calculated according to previous studies (12). ΔZ score was defined as the change in the Z score for length or height during the last year. Catch-up growth was defined as ΔZ score > 0.67 SD or height above−2SD or height above 3 percentiles during the first two years of life. A child was considered of short stature if the height was below−2 SD for gender at 2 years of age. Mid-parental height was calculated as described previously by Lu (13).

As we described previously, all pregnant women at 20–34 weeks of gestation were examined with a 1.5T magnetic resonance (MR) scanner (9). MR protocols included a T1-weighted gradient echo sequence in sagittal direction, T2-weighted turbo spin echo sequence in coronal, transversal, and sagittal directions, and T2-weighted balanced steady state free procession sequence. IVIM of MRI was performed based on a single-shot echo-planar imaging sequence [repetition time (TR)/echo time (TE) = 4000/73.6 msec; echo spacing, 0.58 msec; slice thickness, 4 mm; in-plane resolution, 3.5 × 3.5 mm2; total acquisition time, 5.5 min] with a spectrum of different beta-values (b-values) of 0, 20, 40, 80, 160, 200, and 500 s/mm2. The image analysis of IVIM post-processing based on the multi b-value diffusion weighted images were performed using Osirix software (Osirix, https://www.osirix-viewer.com/osirix/osirix-md/) with the following bi-exponential model (9). An equation was utilized as follows:

[image: image]

where S(b) is the signal intensity at a given b-value and S0 is the signal intensity at b-value = 0 s/mm2. As a perfusion fraction, fp stands for the volume fraction of the vascular compartment with its corresponding diffusion coefficient, Dp (pseudodiffusivity). (1- fp) stands for the remaining volume fraction, tissue or cellular compartment, with its corresponding diffusion coefficient, Dt (true diffusivity) (9).

The ultrasound examination at 32 ± 2 weeks of gestation was performed by trained sonographers and included fetal biometry and Doppler studies of the umbilical and uterine arteries. Pulsatility index (PI), resistivity index (RI), and the systolic-diastolic ratio (S/D) were recorded. The changes of PI, RI, and fp of IVIM was evaluated with the cut-off values from receiver operating characteristic (ROC) curves and area under the curve (AUC) analysis as previous described (9, 14).

Chromosome karyotyping and DNA sequencing were performed as previously described with peripheral blood (7, 10, 11). The placentas were examined routinely and the sizes of tumors were measured after delivery. All specimens were fixed in 4% formaldehyde for 48 h and were then embedded in paraffin, sectioned, and routine Hematoxylin-Eosin (HE) staining was performed.


Statistical Analysis

All statistical analyses were performed using SPSS (Statistical Package for Social Sciences, version 23) software. Quantitative variables were expressed as means ± SD. Qualitative variables were expressed as percentages. Student's t-test was used for analysis of normally distributed variables, while the Mann-Whitney U-test was used for analysis of non-normally distributed variables. The differences between groups for proportions were assessed by the χ2 test. The Fisher exact test was used as a replacement for the chi-square test when the expected frequency of one or more cells was <5. Risk factors with p < 0.01 in univariate analysis were available for inclusion in the multivariate model. Multivariate analysis was performed using stepwise logistic regression. A p value < 0.05 was considered statistically significant.




RESULTS

A total of 1,646 children were SGA, representing 5.25% of all children born alive in Jiangsu province hospital during the study period. Of these, there were 692 full-term SGA infants and 954 preterm SGA infants. According to the inclusion and exclusion criteria, 456 full-term SGA children were enrolled in this study, including 428 children with normal height and 28 children with a short stature at 2 years of age. The clinical features of the 28 short children are shown in Table 1. Among full-term SGA children, there were no significant differences in gravidity, parity, gestational age, and birth length between male and female infants.


Table 1. The clinical features of 28 full-term small for gestational age (SGA) children with short stature enrolled in this study.
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A univariate analysis was performed to identify the potential risk factors for short stature in children born SGA, and the results are shown in Table 2. As expected, the ΔZ score for height at 12 and 18 months of age (between 0 and 12 months, 0 and 18 months) was significantly lower in short children born SGA at full-term compared to non-short control (p = 0.018; p = 0.016, respectively). The maternal and paternal heights were significantly lower in short children born SGA at full-term compared to non-short control (p = 0.011, 0.021). There were no significant differences in birth weight and length between the two groups (p = 0.112, 0.699). Similar results were observed in Z scores of birth weight and length between the groups (p = 0.521, 0.589).


Table 2. The univariate analysis of risk factors for short stature in children born SGA at full-term.

[image: Table 2]

The data of Doppler indices from the scans at 32 ± 2 weeks of gestation demonstrated that umbilical artery PI, RI, and S/D ratio were higher in the short children group than those in the non-short children born SGA group as a control (p = 0.042, 0.041, and 0.043). This result indicated that the short children in the fetal stage underwent a significant decrease of diastolic flow in the umbilical artery, which was due to an increase in the resistance that might occur in small arteries and arterioles of the placenta.

In the short children group, the perfusion fraction fp of IVIM parameters was 18.24 ± 7.56 %, which was significantly lower than that in non-short children group, 23.11 ± 9.43% (p = 0.012). Moreover, similar difference was also observed for the Dt and Dp (p = 0.043, 0.041) between the two groups. The decreased values of fp, Dt, and Dp signified a hypo-perfusion and a decreased capillary flow velocity in the placenta. Representative IVIM parametric maps, including fp, Dt, and Dp, are displayed in Figure 1.


[image: Figure 1]
FIGURE 1. Representative intravoxel incoherent motion (IVIM) parametric maps for placental perfusion. The upper panel shows the IVIM parametric maps of a pregnant woman with a normal placental perfusion. The middle and lower panels respectively show low and lower placental perfusion of different pregnant women. (A,E,I): Diffusion weighted image at b-value = 0 mm2/s; (B,F,J): Perfusion fraction fp; (C,G,K): True diffusivity Dt; (D,H,L): Pseudo diffusivity Dp. The region of interest was drawn on diffusion weighted image (b = 0 mm2/s) and then transferred to the other maps with corresponding pseudo color bar indicating the range of value.


A cut-off value for short children born SGA was identified by ROC curve and AUC with mid-parental heights. The result of analysis indicated that the cut-off value was 157.1 cm. The sensitivity and specificity were 91.2 and 90.1%, respectively. Chi-squared tests demonstrated that mid-parental height was not related to the changes of PI, RI, or IVIM (Table 3). However, short mid-parental height was associated with the low ΔZ scores of height at 12m, 18m and 24m (Table 4), suggesting the low catch-up growth rate seen in SGA children was associated short parents.


Table 3. The chi squared test of mid-parental height against pulsatility index (PI), resistivity index (RI), or intravoxel incoherent motion (IVIM) measures.
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Table 4. The chi squared test of catch-up growth vs. the classification of parental short stature.
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Karyotypic analysis and whole exon sequencing showed that the proportion of cases with chromosomal abnormalities or gene mutations was 21.4% (6/28) in short SGA children. It was 0.7% in the catch-up growth group (p = 0.000). The chromosomal abnormalities included 47, XXX; 47, XY, +8(15)/46; 45, XO (5)/46; deletion of 15q11-q13 and other abnormal karyotypes. With methylation-specific polymerase chain reaction (PCR) technique, a case with hypomethylation of the imprinted control region 1 (ICR1) at chromosome 11p15.5 was observed. Compared to control (0.7%), this higher frequency indicated a strong association between chromosome aberration and short stature in full-term SGA (p < 0.001).

Compared with non-short SGA children, short children had a higher incidence of asphyxia in the perinatal period (14.3%, p = 0.023), while the morbidities did not differ in intrauterine infection, hypoglycemia, anemia, and intraventricular hemorrhage during the neonatal period between the two groups.

Mothers who suffered from systemic lupus erythematosus were more likely to have a short child born SGA (p = 0.023). There were no significant differences in the occurrence rates of chronic hypertension and anemia in mothers of both study groups. No significant difference was found in the prevalence of preeclampsia, gestational diabetes mellitus, and chorioamnionitis.

There were two cases with giant placental chorioangioma in the group of short children born SGA at full-term. The sizes of the masses were 12 × 9 × 7.5 cm and 11 × 7 × 4 cm. This result suggested that giant placental chorioangioma might be associated with short stature in children born SGA.

Multivariate logistic regression analysis was next performed with the significant factors on univariate analysis, and the result is shown in Table 5. In a final model, four variables were associated with an increased risk of short stature, and the other two were protective. Short parental height was a significant risk factor for short stature in the children with full-term SGA. Excluding the ΔZ scores, short parental height, decrease of IVIM fp, and chromosome abnormality were still related to the risk.


Table 5. Multivariate analysis of risk factors for short stature in children born SGA at full-term.

[image: Table 5]

Multivariable analysis demonstrated that the decrease of perfusion fraction fp in IVIM parameters resulted in a significant odds ratio (OR) of 1.668 for development of short stature (p = 0.042), indicating that placental insufficiency was an important risk factor. Furthermore, we found a 5.5-times increased probability of short stature at the age of 2 years when full-term SGA infants had a chromosomal abnormality [OR: 5.546, 95% confidence interval (CI): 1.288–9.752, p < 0.001].



DISCUSSION

Ultrasonography is the first-line imaging modality for determining placental insufficiency and fetal growth retardation by measuring PI, RI, and S/D (15). In the present study, our results showed that fetal umbilical artery PI, RI, and S/D ratio were higher in the short children group compared to those in the non-short children born SGA group. However, ultrasound examination is also an experience-dependent diagnostic technique, of which sensitivity and repeatability remain to be improved for determining placental perfusion. IVIM is an advanced bi-exponential DWI model of MRI, which holds great potential in evaluating placental insufficiency, especially in quantifying perfusion and diffusion (8, 9). In this study, both univariate and multivariate analyses demonstrated that a decreased perfusion fraction fp of IVIM parameters was significantly associated with the risk of short stature in the children born SGA at full-term. We reported previously that there existed a negative correlation between fp and umbilical artery PI (9). Together with these data, our finding suggests that combined utilization of the two methodologies could provide complementary information on placental circulation and benefit prediction of risk for short stature in SGA children. It should be noted that the two cases that suffered from giant placental chorioangioma in this study also had an increased umbilical artery PI, which was in accordance with previous literature (16). Giant placental chorioangioma tumors cause physiological and functional dead space and result in the decrease of normal placenta size (16). This may lead to uteroplacental insufficiency with subsequent fetal growth restriction and deliveries of SGA infants. D. Buca et al. reported that the diagnosis of SGA fetus on prenatal ultrasound was made in 21.4% of pregnancies complicated by placental chorioangioma (17). However, the association between giant placental chorioangioma and short stature in SGA children requires further investigation with larger samples.

In the present study, our results demonstrated that both parental height and chromosomal abnormality were associated with short stature in the SGA children. There was a 5.5-fold increased risk in the babies with chromosomal abnormality. This finding was in line with previous studies that fetal growth impairment is associated with a chromosomal aberration detected by karyotyping and microarray in 2–19% of cases (18). Along with the development of high-throughput DNA-scanning techniques, genetic causes have been frequently found in short SGA children, such as point mutations in the insulin-like growth factor 1 (IGF1) (19). Short stature is one of the most important clinical manifestations of Prader-Willi syndrome, which is a multisystemic complex genetic disorder caused by lack of expression of genes on the paternally inherited chromosome 15q11.2-q13 region (20, 21).

In this study, we found that mid-parental height was not related to the changes of PI, RI, or IVIM. This result implied that short mother did not necessarily have a utero-placental insufficiency, but short mid-parental height was associated with the decreases of 12 m, 18 m length ΔZ score and 24 m height ΔZ score, indicating that catch-up growth rates were low in SGA children with short parents. Although mid-parental height is a surrogate of genetic effects and does not reflect the exact number of height-influencing alleles inherited from the parents (13), parental height can be utilized to roughly estimate the adult height of children, the so-called genetic target height. Similar findings from a study in Korea showed non-catch-up SGA had a shorter father's height, mother's height, and mid-parental height in Koreans (22).

Our study had some limitations. First, it is a retrospective design. The lack of long-term follow-up data restricted the achievement of more accurate conclusions. Second, we did not collect and analyze nutrition data of this study cohort from birth to 2 years of age. While long-term lack of nutrition after birth might cause short stature in SGA children. Third, the sample size for investigation should be further expanded. Especially, the absence of adequate case number of giant placental chorioangioma for identifying the risk factor in short stature children born SGA at full-term was another weakness of this study. Besides, because of incomplete clinical data, we did not analyze IGF values, which was an important clinical detection for short stature.

In conclusion, the risk factors of full-term SGA infants developing short stature at age of 2 years included decreased placental perfusion fraction f p of IVIM parameters, chromosome abnormalities, and short parental height.
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