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ABSTRACT 

Introduction 

Fetal Growth Restriction (FGR) constitutes a significant obstetric complication with well-

documented associations with neonatal morbidity, mortality, and long-term 

neurodevelopmental impairments. Alterations in cerebral hemodynamics, particularly within 

the middle cerebral artery (MCA), may reflect adaptive brain-sparing responses and serve as 

early indicators of neurological compromise. Despite advancements in perinatal imaging, the 

prognostic value of postnatal cerebral Doppler indices in FGR neonates remains inadequately 

explored. 

Aim & Objectives: 

To compare middle cerebral artery (MCA) Doppler characteristics between fetal growth-

restricted (FGR) and gestational age-matched neonates. To evaluate the prognostic value of 

MCA Doppler parameters for early neurological outcomes and to assess the association 

between MCA Doppler findings and prolonged NICU stay in FGR neonates. To determine 

whether reversal of diastolic flow in MCA serves as a marker of mortality and neurological 

morbidity. 

Methods: 

A prospective, case-control observational study was conducted over an 18-month period at a 

tertiary academic center, enrolling 96 neonates (48 FGR and 48 AGA). Cranial ultrasonography 

with MCA Doppler evaluation was performed on postnatal days 1, 3, 7, and at 1 month using a 

standardized transtemporal approach. Doppler indices were analyzed and correlated with 

neurological outcomes and NICU duration. Statistical analyses included Mann-Whitney U, chi-

square, Kruskal-Wallis tests, and receiver operating characteristic (ROC) curve analysis. 
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Results: 

At 1 month, FGR neonates exhibited significantly elevated MCA PSV (43.10 cm/s vs. 39.90 

cm/s; p < 0.05). Among all parameters, EDV demonstrated the highest predictive validity for 

unfavorable neurological outcomes, with area under the ROC curve (AUC) reaching 0.76 and 

odds ratios ranging from 1.20 to 1.30 (p < 0.01). While PI and RI exhibited high specificity, 

their sensitivity and AUC values were suboptimal. Lower PI and RI were significantly 

associated with extended NICU admissions and adverse neurological sequelae, such as 

periventricular leukomalacia and convulsions. Reversal of end-diastolic flow in MCA was 

observed exclusively in two FGR neonates who subsequently expired. 

Conclusion: 

Postnatal MCA Doppler assessment, particularly EDV, offers meaningful prognostic insight 

into early neurological outcomes in neonates with FGR. Routine serial evaluation of cerebral 

hemodynamics may facilitate timely risk stratification and clinical intervention. Further 

multicentric investigations with longitudinal follow-up are warranted to corroborate these 

findings and enhance their clinical applicability. 

Keywords: 

  

Fetal Growth Restriction (FGR), Middle Cerebral Artery (MCA), End-Diastolic Velocity 

(EDV), Resistive Index(RI), Pulsatility Index(PI). 
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INTRODUCTION 

Fetal Growth Restriction (FGR) is a prevalent pregnancy complication characterized by a fetus not 

achieving its genetically predetermined growth potential, primarily due to pathological factors like 

placental dysfunction. This condition is the second most cause of perinatal morbidity and mortality 

which also predispose to poorer neurodevelopmental outcomes.
1,2

 

FGR infants are at risk for neonatal complications like asphyxia, hypothermia, hypoglycemia, and 

polycythemia, with potential long-term effects including growth retardation and 

neurodevelopmental disorders. Impaired oxygen and nutrient delivery to the fetal brain, 

compounded by oxidative stress and neuroinflammation, may predispose FGR neonates to 

neurologic outcomes such as cerebral palsy, cognitive and learning impairments, and structural 

deficits in gray and white matter.
1,3

 

Neurosonography is a vital, non-invasive imaging technique used to assess the neonatal brain, 

particularly in the early postnatal period. The portability, safety, and accessibility of 

neurosonography make it an ideal first-line tool in neonatal intensive care units for bedside 

evaluation of intracranial structures without the need for sedation or exposure to ionizing radiation.
4
  

Its primary applications include the detection and monitoring of conditions such as transient 

periventricular echodensities(TPE), germinal matrix hemorrhage (GMH), intraventricular 

hemorrhage (IVH), periventricular leukomalacia (PVL), hydrocephalus, and other structural or 

ischemic brain injuries—conditions more frequently encountered in growth-restricted and preterm 

neonates.
5
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Recent advancements in high-frequency transducers, Doppler modalities, and standardized imaging 

protocols have significantly enhanced its diagnostic accuracy and anatomical detail in assessing 

cerebral structural and hemodynamic changes in neonates, especially those at risk of neurological 

compromise.
4,5

  

In the context of FGR fetuses, blood flow is redistributed to prioritize the brain, heart, and adrenal 

glands over the gut which persist in the early perinatal period of neonate. These alterations in 

cerebral blood flow reflect an adaptive response to hypoxia, commonly referred to as the "brain-

sparing effect." 
6
 

FGR abnormalities, like TPE, PVL, and IVH are associated with cerebrovascular alterations in the 

early perinatal period which can be assessed in neurosonography. Therefore, identifying predictors 

of adverse outcomes in FGR is critical for the optimal management of high-risk pregnancies and 

affected neonates. Neurosonography along with postnatal Doppler ultrasound of the cerebral 

arteries, can provide valuable cerebrovascular parameters.
7,8

 

Doppler ultrasound of the MCA allows real-time assessment of cerebral hemodynamics by 

measuring parameters such as Resistive Index (RI), Pulsatility Index (PI), and Peak Systolic 

Velocity (PSV). Middle Cerebral Artery (MCA) Doppler accuracy may vary based on the operator 

technique and anatomical site of measurement and is less likely affected by the angle of insonation.
5
  

A recent systematic review concluded that RI lacks sufficient evidence for routine monitoring in 

preterm infants. However, it may still hold diagnostic value in neonates with hypoxic-ischemic 

encephalopathy (HIE) and other early neurological manifestations.
9,10
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Many studies have examined the relationship between altered pulsatility index and peak 

systolic velocity in fetal cerebral arteries and perinatal outcomes. However, there is a lack of 

research on postnatal cerebral blood flow characteristics and their impact on term 

neurodevelopment in FGR infants.
11

  

This study aims to compare the postnatal middle cerebral artery Doppler characteristics in neonates 

with fetal growth restriction to those of gestational age-matched controls. 

 

 

. 
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AIMS & OBJECTIVES OF THE STUDY  

1. To assess and compare the middle cerebral artery Doppler characteristics between fetal 

growth restricted neonates and gestational matched neonates.   

 

Other Objectives 

2. To evaluate the prognostic value of MCA Doppler parameters for early neurological 

outcomes in neonates and to assess the association between MCA Doppler findings and 

prolonged NICU stay in FGR neonates. 

3. To determine whether reversal of diastolic flow in MCA serves as a marker of mortality and 

neurological morbidity. 

. 
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REVIEW OF LITERATURE 

 

 

3.1 DOPPLER ULTRASOUND 

Sound Waves and Their Properties 

―Ultrasound is a mechanical wave transmitted through a medium by molecular vibrations. 

These vibrations propagate in a sinusoidal pattern, causing compressions and rarefactions in the 

medium. The key characteristics of sound waves include: 

Frequency (f): Measured in hertz (Hz), it denotes cycles per second. 

Wavelength (λ): The distance between two points of maximum compression. 

Propagation speed (c): The speed at which the wave moves through tissue, approximately 1540 

m/s in soft tissue. 

The relationship is defined by the equation: c = λ × f 

Diagnostic ultrasound typically uses frequencies between 2–30 MHz‘s whereas, 

wavelengths used in transcranial ultrasonography is around the lower range of spectrum around 2 

MH‖.
5,12

  

Principles of Doppler Ultrasound 

―The Doppler effect also known as the Doppler shift is first described by Christian Doppler 

in 1842, refers to the change in frequency of a wave caused by the relative motion between the 

source and the observer. Doppler shift is influenced by the moving source's velocity and direction 

relative to the reflector, resulting in a frequency change between the source and receiver as 

described in figure 1. A common example of this is the changing pitch of an ambulance siren as it  
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moves past an observer. In medical ultrasound, the Doppler effect is utilized to assess blood flow. 

As red blood cells move, they reflect ultrasound waves at different frequencies depending on their 

velocity and direction in relation to the transducer‖.
5,12

 

 

Figure 1. Doppler shift effect 

―The Doppler frequency shift (Fd) is calculated using the Doppler equation: 

Fd = (2 × F₀ × v × cos θ) / c 

Where: 

· Fd = Doppler frequency shift 

· F₀ = Transmitted frequency 

· v = Velocity of blood flow 

· θ = Angle between the ultrasound beam and direction of flow 

· c = Speed of sound in soft tissue (~1540 m/s)‖.
12
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Doppler Ultrasound Techniques: 

Continuous Wave (CW) Doppler and Pulsed Wave (PW) Doppler are two ultrasound 

techniques used to measure blood flow velocities, each with distinct methods and applications. 

CW Doppler uses two transducer elements: one for continuous transmission and the other 

for continuous reception. This method measures high-velocity flow without range specificity. 

PW Doppler utilizes a single piezoelectric crystal that alternates between transmission and 

reception. It offers range resolution but is limited by the Nyquist limit, which can result in aliasing 

if surpassed.
12,13

 

Blood flow measurement 

One of the following values are usually calculated to ascertain blood flow as show in table 1:  

Doppler parameters Explanation 

Peak systolic velocity (PSV) Highest peak velocity, Reflects systolic acceleration 

End diastolic velocity 

(EDV) 

Lowest peak velocity, Indicates downstream vascular 

resistance 

Resistivity index (RI) PSV – EDV / PSV 

Pulsatility index (PI) PSV – EDV / MV 

Mean velocity (MV) PSV + EDV / 2 

Flow Direction Normally antegrade. Reversed or absent flow suggests high 

intracranial pressure or critical perfusion  

 

Table 1. Doppler flow parameters.
13
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Transcranial Doppler ultrasonography uses a low-frequency transducer on the scalp to 

visualize major cerebral arteries and measure cerebral blood flow velocity (CBFV). It helps assess 

changes in CBFV related to cerebrovascular diseases.
5
 

The anterior fontanelle and transtemporal approach are most commonly used as the acoustic 

window for imaging. The MCA is usually visualized in the coronal or sagittal plane, adjacent to the 

sphenoid wing. Spectral Doppler is applied to measure blood flow velocities, with an angle of 

insonation less than 15° to maintain accuracy.
14,15

 

Postnatal Doppler ultrasound of the MCA is a vital non-invasive method for assessing 

cerebral perfusion in neonates adjunct to grayscale cranial ultrasonography, offering insight into the 

functional status of neonatal cerebral circulation. It is especially useful in neonates in early 

detection and monitoring of critical neurological conditions like HIE, sepsis, hydrocephalus, raised 

intracranial pressure, and hemodynamically significant patent ductus arteriosus (PDA). MCA 

Doppler complements grayscale neurosonography by providing insight into cerebral hemodynamics 

and autoregulation status.
14

  

FGR 

Epidemiology of FGR 

FGR occurs significantly more often in developing and underdeveloped countries, with rates 

up to six times higher than in developed nations. This is particularly true in low- and middle-income 

countries, where many home births lack formal records, leading to underreporting and 

underdiagnosis of FGR.
16,17
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In high-resource environments, FGR affects 3-9% of all pregnancies. In contrast, the 

incidence can reach nearly 30% in low-resource areas, underscoring the importance of 

socioeconomic and healthcare inequities.
17

  

Seventy to eighty percent of FGR cases are late-onset, making it the most common type. 

Despite improvements in prenatal care, fewer than 30% of fetuses with a birth weight below the 

10th percentile are identified before birth. Infants with undiagnosed FGR face a two to nine-fold 

increased risk of perinatal mortality and severe neurological issues, leading to poorer health 

outcomes.
17,18

  

What is FGR? 

FGR occurs when a fetus fails to reach its genetically determined potential size, often 

leading to negative short- and long-term outcomes. It differs from small for gestational age (SGA), 

which is defined by a birth weight below the 10th percentile for gestational age based on population 

growth charts.
1,11

 

FGR can be classified by severity: 

Moderate FGR refers to birth weight between the 3rd and 10th percentile, whereas severe FGR is 

Birth weight below the 3rd percentile. 
1,11

 

Types of FGR: 

Symmetrical FGR (hypoplastic small-for-date): Insult occurs early in gestation. All 

biometric parameters such as Head Circumference (HC), Abdominal Circumference (AC), Femur 

length (FL), Biparietal diameter (BPD) are proportionately reduced. 

Asymmetrical FGR (malnourished babies): Insult occurs late in gestation. Only the 

abdominal circumference is reduced, while head size and femur length are preserved. 
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Mixed FGR: Often observed in developing countries, this condition exhibits characteristics 

of both symmetrical and asymmetrical FGR. It results from early fetal injury compounded by later 

placental insufficiency.
3,19

 

The characteristic features of Symmetrical and asymmetrical FGR are mentioned in table 2. 

Characteristic Symmetrical FGR Asymmetrical FGR 

Period of insult Early gestation Late gestation 

Incidence 20 to 30% 70 to 80% 

Etiology Genetic/infectious Utero-placental 

insufficiency 

Antenatal scan All parameters reduced AC reduced, 

 HC/FL/BPD preserved 

Ponderal index Normal (>2) Low (<2) 

Postnatal anthropometry All reduced Weight reduced only 

HC–Chest circumference 

difference 

< 3 cm > 3 cm 

Malnutrition features Less likely More likely 

Prognosis Poor Better 

 

Table 2. Features of symmetrical and asymmetrical FGR.
3
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Etiology of FGR 

FGR represents a multifactorial condition resulting from pathological influences of 

maternal, placental, fetal, or genetic origin, either independently or through complex interactions 

among these factors. Various factors causing FGR are mentioned in table 3.
3,20 

Factors causing FGR 

Maternal 

factors 

● Extremes of age (<16 or >35 years) 

● Medical conditions: Hypertension, diabetes, renal disease, 

anemia, autoimmune diseases, antiphospholipid syndrome. 

● Infections: Toxoplasma, Toxoplasmosis, Rubella, 

Cytomegalovirus, and Herpes, malaria, Tuberculosis, Urinary 

Tract Infections. 

●  Under nutrition and low socioeconomic status 

● Substance use: Tobacco, alcohol, illicit drugs 

● Medication exposure (e.g., anticonvulsants, anticoagulants, 

chemotherapy) 

● Uterine anomalies or fibroids 

● High physical workload 

● Pre-pregnancy BMI <20 or >30 

● Previous SGA deliveries.  

● Assisted reproductive technologies 

Placental 

factors 

● Placental weight < 350 gram. 

● Placental infarction, abruption, previa 

● Abnormal vascular invasion or cord insertion 

● Placental hemangiomas, circumvallate placenta 

● Confined placental mosaicism (CPM) 

● Infectious villitis, chronic villitis of unknown etiology (CVUE) 

● Multiple gestation 

● Partial molar pregnancy 

● Preeclampsia and placental insufficiency 

Fetal 

factors 

● Constitutional small fetuses (normal variant in 50–70%) 

● Genetic & chromosomal abnormalities. 

● Major congenital anomalies: Like Congenital heart disease, 

Congenital Diaphramatic Hernia, neural tube defects. 

● Intrauterine infections - Toxoplasma, Toxoplasmosis, Rubella, 

Cytomegalovirus, and Herpes, malaria, human 

immunodeficiency virus. 

● Metabolic disorders: Galactosemia, neonatal diabetes, Inclusion-

cell disease. 
 

Table 3. Etiology of FGR. 
3,20
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Diagnosis of FGR 

The assessment of high-risk mothers at risk for having an FGR fetus includes evaluating 

various methods/parameters and postnatal diagnosis of an FGR infant involves clinical examination, 

various anthropometric measurements as mentioned in table 4.
21,22

  

Diagnosis Stage Methods/Parameters 

Prenatal Diagnosis 
Maternal history and risk factors 

Ultrasound with fetal biometry & dating of pregnancy. 

Doppler velocimetry (umbilical and cerebral arteries) 

Amniotic fluid assessment 

Cardiotocography for fetal monitoring 

Postnatal Diagnosis 
Birth weight <10th percentile for GA 

Clinical Assessment: Cephalization index, Ponderal Index, 

Clinical Assessment of Nutritional Status (CAN) Score, Mid-

arm/head circumference ratio 

 

Table 4. Diagnosis of FGR. 
21,22

 

Complications of FGR: 

FGR neonates are particularly vulnerable to a variety of postnatal complications due to their 

compromised intrauterine environment. These include perinatal asphyxia, meconium aspiration 

syndrome, hypothermia, hypoglycemia, polycythemia, neonatal jaundice, feeding difficulties and 

intolerance, necrotizing enterocolitis, intraventricular hemorrhage, periventricular leucomalacia and 

seizures. Furthermore, these infants are at heightened risk for neurodevelopmental and behavioral 

abnormalities, which may persist into later childhood as shown in table 5.
23
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FGR Complications Details 

Perinatal Asphyxia Increased risk due to chronic placental insufficiency 

and hypoxia. 

Hypoglycemia Common due to depleted glycogen stores and 

impaired gluconeogenesis. 

Hypothermia Frequent due to low fat stores and poor 

thermoregulation. 

Polycythemia / Hyper-viscosity Occurs from chronic intrauterine hypoxia-induced 

erythropoiesis. 

Meconium Aspiration Syndrome More frequent due to fetal distress and hypoxia 

Necrotizing Enterocolitis (NEC) Increased incidence, especially in preterm FGR 

neonates 

Neonatal Sepsis Higher susceptibility due to compromised immune 

function 

Feeding Difficulties Poor sucking, gut immaturity, often need for gavage 

feeds 

Intraventricular Hemorrhage 

(IVH) 

Increased in preterm FGR due to fragile germinal 

matrix and hypoperfusion 

Periventricular Leukomalacia 

(PVL) 

Strongly associated with chronic hypoxia and 

ischemia 

Seizures Seen due to HIE, hypoglycemia, or IVH 

Delayed Neurodevelopment Affects cognitive, language, motor domains in 

infancy and childhood 

Cerebral Palsy Elevated risk, especially in cases with PVL or 

extreme prematurity 

Hearing and Vision Impairment Due to perinatal hypoxia and brain injury 

Behavioral & Learning 

Difficulties 

Frequently seen in school age; includes attention, 

memory issues 

Table 5. Neonatal complications of FGR.
23
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PHYSIOLOGY OF NEONATAL CEREBRAL BLOOD FLOW (CBF) 

CBF in neonates, particularly preterm infants, is subject to a range of physiological and 

pathological influences. 

Physiology of CBF Autoregulation  

Fluctuations in systemic arterial pressure in neonates directly impact CBF, increasing 

vulnerability to both hypo- and hyperperfusion which can cause perinatal brain injury. Altered 

hemodynamics in shock, sepsis, cerebral hemorrhage are associated with autoregulation and brain 

sparing.
24

  

Variable factors such as hematocrit, cardiac output, pCO2, pO2, blood glucose levels, and 

the total oxygen content of arterial blood influence cerebral blood flow. Fluctuations in cerebral 

dynamics occur at the level of friable arterioles and large arteries.
25

  

―CBF = Cerebral perfusion pressure (CPP) / Cerebrovascular resistance (CVR) 

CPP = mean arterial pressure (MAP) – intracranial pressure (ICP).‖
24

  

Cerebral autoregulation is typically represented as a sigmoid curve, with the plateau of 

autoregulation defined by its upper and lower limits. This autoregulatory mechanism operates 

effectively only when the MAP or CPP is within this plateau range.
24,26

  

―The cerebral autoregulation sigmoid curve in term (blue) and preterm newborns (red) is as 

follows: The autoregulatory plateau on the sigmoid curve indicates that cerebral perfusion pressure 

(CPP) is maintained by cerebral vaso-reactivity. Beyond the upper and lower limits of 

autoregulation, CBF becomes passive to blood pressure due to reduced vasoreactivity and the brain 

is at risk of hyperemic or hypoperfusion injury. With the gradual development of this autoregulation  
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from 26 to 33 weeks of gestation, the range of the autoregulation plateau is much narrower in 

preterm neonates (red dotted line) as depicted in figure 2‖.
26

  

 

Figure 2. Cerebral autoregulation sigmoid curve 

(x-axis: mean arterial blood pressure, y-axis: CBF).
26

  

 

Gestational and postnatal age  

Numerous studies on the middle cerebral artery (MCA) and anterior cerebral artery (ACA) 

have shown that cerebral blood velocity increases with both advancing gestational age and each day 

following birth. However, a wide range of velocity values has been reported for each day after birth. 

The most significant change occurs within the first 12 hours of life, characterized by a decrease in 

the resistance index (RI).
27

  

Beat-to-Beat and Respiratory Variability 

Neonatal velocity waveforms often show beat-to-beat and cyclical variation, influenced 

largely by respiration. This effect is more pronounced in preterm infants on mechanical ventilation, 

likely due to synchronization with ventilator cycles.
28
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Arterial blood gas variations 

Transient hyperoxia (increase in PO2) can reduce cerebral blood flow velocity (CBFV) by 

about 3% for every 1 kPa increase in partial pressure of oxygen (PO2). Conversely, carbon dioxide 

has a much stronger effect, increasing CBFV by approximately 30% per 1 kPa rise in partial 

pressure of carbon dioxide (PCO2).
29,30

  

In full-term healthy neonates, hypercapnia raises diastolic velocity due to cerebral 

vasodilation. However, sick preterm infants show a muted CBFV response to rising carbon dioxide 

on their first day of life, which becomes more pronounced after 24 hours. This response appears to 

depend largely on changes in arterial pressure.
26

  

Blood viscosity and Hematocrit 

Hemodilution in neonates resulted in low hematocrit value causing a significant increase in 

cardiac output and 20% increases in blood flow velocities of the internal carotid artery.
26,31

  

CEREBRAL BLOOD FLOW IN FGR  

The adaptive hemodynamic alterations including cerebral blood flow redistribution, aimed 

at preserving brain perfusion under placental insufficiency is linked to FGR. This adaptation can be 

monitored using Doppler ultrasound during both antenatal and postnatal periods.
32

  

Antenatal Doppler Findings: 

Doppler ultrasound plays a crucial role in detecting fetal growth restriction (FGR) and 

assessing fetal well-being. Typical findings include elevated umbilical artery RI/PI, with absent or 

reversed end-diastolic flow in severe cases. In the middle cerebral artery (MCA), decreased RI and 

PI reflect cerebral vasodilation and blood flow redistribution. A cerebroplacental ratio (CPR) <1.0  
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signifies brain-sparing and correlates with adverse outcomes. These changes often precede 

biophysical profile deterioration and assist in delivery planning, particularly in late-onset FGR.
33–35 

Perinatal (Postnatal) Doppler Evaluation: 

● Postnatal transcranial Doppler (TCD) via the transtemporal window offers valuable insights 

into neonatal cerebral hemodynamics. In FGR neonates, the MCA often demonstrates 

elevated peak systolic velocity (PSV) and reduced resistance index (RI), reflecting persistent 

vasodilation due to impaired autoregulation. Similar patterns may be seen in the ACA and 

PCA, particularly in severely growth-restricted infants. Prolonged vasodilation and 

dysregulated cerebral blood flow postnatally can be linked to adverse neurodevelopmental 

outcomes.
36

 

CLINICAL APPLICATION OF DOPPLER   

● Doppler imaging helps providing diagnostic approach to various conditions that may affect 

the flow velocity patterns and RI:
14

 

● Systemic blood pressure variations and hypovolemic shock changes in the context of altered 

cerebrovascular autoregulation. Hypotension can significantly reduce flow, while 

hypertension may cause hyperemia and contribute to hemorrhage. 

● Serial Doppler evaluations provide a better understanding of evolving cerebral 

hemodynamics.
37
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Factors Affecting Neonatal Doppler Flow 

Carbon Dioxide and Oxygen 

● Hypercapnia leads to cerebral vasodilation and increased diastolic flow. 

● Hypocapnia causes vasoconstriction and reduced diastolic flow. 

● Hypoxia can transiently increase flow but may ultimately reduce it if autoregulation 

fails.
24,26

 

Hematocrit and Plasma Viscosity 

● Elevated hematocrit increases viscosity thereby reducing flow velocities.  

● Anemia may trigger compensatory increased flow, often detectable as increased PSV and 

EDV. 
26,38

 

Doppler Flow in Pathological Conditions: 

IVH is common in preterm infants due to fragile germinal matrix. Doppler findings show an 

elevated RI or PI with loss of beat-to-beat variability and low or absent diastolic flow. These 

findings suggest impaired autoregulation with increased risk for IVH.
26

 

PVL is an ischemic white matter injury in neonates. Doppler findings show an elevated RI in MCA, 

with decreased EDV. There are variable findings depending on the stage of disease.
39

  

Reversal of RI in neonates:  

Under normal physiological conditions, the neonatal MCA exhibits a low-resistance waveform with 

forward end-diastolic flow, reflecting adequate cerebral perfusion, Absent or reversed diastolic flow 

causes reversal of RI wave pattern in the MCA Doppler as shown in figure 3. Studies have 

correlated these Doppler findings are associated with significant vascular resistance and poor 

prognosis, particularly in neonatal morbidity. 
40
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Figure 3: Spectral Doppler waveform showing reversal of end-diastolic flow (REDF), 

indicative of reversed Resistance Index (RI) pattern. 

DOPPLER EXAMINATION 

In neonatal cerebral doppler examination, the main approach for the middle cerebral arteries 

is transtemporal approach.  Pulsed-wave Doppler with the angle of insonation ‗θ‘ close to zero will 

sample the vessel in the path of the ultrasound beam,to better estimate the flow velocities as shown 

in figure 4.
5
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Figure 4. The transtemporal approach to the middle cerebral artery in a neonate. 

Patient Positioning 

The neonate is placed in supine position, with their head and shoulders supported by a pillow to 

ensure comfort for the baby, not crying or making manoeuvres that might alter flow, since these 

may be affected by movements. Optimal probe positioning is ensured. 

TCD ultrasound is generally performed using two principal planes better visualization of vessels: 

● Axial Plane (Trans temporal) 

● Coronal Plane (Anterior fontanelle) 
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The axial plane is more commonly utilized and provides two imaging levels: 

● Mesencephalic view 

● Diencephalic view 

The mesencephalic plane is the most clinically relevant for assessing cerebral arteries. It is 

obtained by placing the probe parallel to the zygomatic arch. The MCA is best assessed from the 

temporal window as shown in figure 5.
5
 

 

Figure 5. Trans-temporal approach color doppler showing MCA. 

On transtemporal approach: 

● The hypoechoic "butterfly-shaped" midbrain is typically seen in the center of the screen. 

● Vessel of choice is identified by performing color Doppler mode. The circle of Willis was 

visualized, with the MCA typically appearing red, indicating flow toward the 

transducer.  

● Spectral Doppler was then used to assess flow velocities along the MCA 
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Once the area of interest box is selected over a B mode, grayscale setting, the color doppler 

box is used to identify the MCA vessel with a forward flow, the flow sample pointer is then placed 

over the vascular lumen to get a doppler waveform as shown in figure 6. 
5
 

For proper measurements, it is important to have good-quality spectra with fairly uniform signals. 

 

 

 

 

 

 

 

 

 

 

Figure 6. Shows a pulsewave Doppler flow of middle cerebral artery (MCA). with peak 

systolic velocity (PSV), end-diastolic velocity (EDV), Pulsatility index (PI) and resistive index 

(RI). 
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PREVIOUS SIMILAR STUDIES 

 

Krishnamurthy et al. (2019) compared MCA Doppler characteristics in FGR and AGA 

neonates postnatally. While MCA PSV values are increased in both FGR and AGA groups from 

day 1 to day 3, EDV increased only in FGR infants, reflecting a compensatory brain-sparing 

response. Day 3 measurements showed significantly lower RI and PI in FGR infants, suggesting 

persistent altered cerebral autoregulation.
36

 

 

Venkatesh et al. (2020) investigated the prognostic value of diastolic flow reversal in the 

MCA in critically ill neonates. Presence of reversed diastolic flow was associated with significantly 

shorter survival (mean 1.3 h) compared to those without reversal (mean 133.8 days), underlining its 

potential as a strong mortality marker in neonatal intensive care settings.
40

  

 

Yakout et al. (2021) highlighted the value of umbilical artery, MCA, and ductus venosus 

Doppler in predicting neonatal outcomes. Significant associations were noted between adverse 

neonatal outcomes and abnormal MCA RI, PI, and DV A-wave indices in IUGR pregnancies, 

confirming their prognostic value.
41

  

 

Jain et al. (2022) found that RI and PI values of  ACA and MCA are significantly low, while 

PSV and EDV values are significantly high in HIE cases compared to controls. A strong association 

was found between Doppler indices and the clinical severity of HIE, suggesting that these 

parameters can be effective in early stratification and monitoring.
42
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Kumar et al. (2024), have underscored the clinical relevance of Doppler-derived parameters 

such as the resistivity index (RI) in the anterior cerebral artery (ACA) and middle cerebral artery 

(MCA) for detecting hypoxic brain injury. Our findings align with this growing body of evidence, 

demonstrating that high RI values in ACA and MCA are indicative of impaired cerebral 

autoregulation. Moreover, Kumar et al. found that high resistance index (RI) and low mean cerebral 

blood flow velocities (CBFV) in the anterior cerebral artery (ACA) during the early neonatal period 

were significantly linked to negative neurodevelopmental outcomes.
26
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MATERIALS AND METHODS 

STUDY DESIGN: A case-control observational study. 

STUDY DURATION: 18 month duration (May 2023 to November 2024). 

STUDY SITE: Department of Radio Diagnosis and Paediatrics at R.L. Jalappa Hospital and Research 

Center attached to Sri Devaraj Urs Medical College, SDUAHER, Kolar 

 STUDY POPULATION: All neonates, delivered at R.L. Jalappa Hospital and Research center, Sri Devaraj 

Urs Academy of Higher Education and Research, Kolar. 

 INCLUSION CRITERIA 

Cases - Fetal growth restriction (FGR) neonates 

Neonates with any abnormal IUGR Doppler profiles and birth weight of < 10th percentile. 

Controls - Appropriate gestation age (AGA) neonates 

Neonates with normal antenatal scans and birth weight ranging between 10 percentiles to 90 percentile. 

EXCLUSION CRITERIA  

1. Congenital deformities. 

2. 5 min Apgar score  < 7,  

3. Postnatal resuscitation. 

4. Genetic conditions. 

5. Cardiovascular disorders. 

6. Sepsis. 

7. Metabolic disorders. 
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SAMPLE SIZE AND SAMPLING TECHNIQUE 

The sample size was calculated by utilizing the difference in Mean RI on day 3 between AGA and FGR 

group as 0.79 ± 0.07 and 0.72 ± 0.10, from the study Mohan B Krishnamurthy et. al.
26

 

Using these values at 95% Confidence limit and 80% power sample size of 43 was obtained in each group 

by using the below mentioned formula and Med calc sample size software. With 10% nonresponse sample 

size of 43 + 4.3 ≈ 48 cases are included in each group.  

 “Sample Size Estimation Formula: N = 2 SD
2 
(Zα/2 + Zβ)

2
/ d

2
 

● Where Zα/2 is the critical value of the Normal distribution at α/2 (e.g. for a confidence level of 95%, 

α is 0.05 and the critical value is 1.96). 

● Zβ is the critical value of the Normal distribution at β (e.g. for a power of 80%, β is 0.2 and the 

critical value is 0.84). 

● SD is the standard deviation from previous study population variance. 

● d is the largest difference between two mean.‖
43

  

During the study duration, consecutive 48 IUGR neonates and 48 AGA neonates fulfilling the inclusion 

criteria were included. 

DATA COLLECTION 

Data were collected using a semi-structured study proforma. When a neonate was referred to the 

Department of Radio-diagnosis or Pediatrics and met the study's inclusion criteria, a detailed history was 

taken from the parent or guardian. 

Cranial ultrasonography and middle cerebral artery (MCA) Doppler assessments were obtained on 

day 1, day 3, and day 7 with the neonate in the supine position. The MCA Doppler was performed using the 

Philips EPIQ5 machine with an 8-5 MHz curvilinear transducer as shown in Figure 7.  
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Figures 7: Shows Ultrasound scanner Philips Epic 5 (A) and C8-5 MHz convex Transducer (B). 

Brain structures were visualized through the fontanelles as acoustic windows as well as 

transtemporal in the coronal and sagittal planes. Doppler evaluation of both side MCA was done 

simultaneously in neonates to obtain a spectral tracing and RI, PI, PSV and EDV. Mean value of the readings 

taken for documentation. Follow up cranial ultrasonography with MCA doppler done in neonates at 1 month 

of age. 

The following precautions were followed when doing Middle cerebral artery Doppler: 

Angle of insonation was kept within 15 deg while taking doppler parameters. 
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STATISTICAL ANALYSIS 

The analysis profiled patients using demographic, laboratory, and clinical parameters. Quantitative 

data were presented as means and standard deviations, while ordinal data were shown as counts and 

percentages. Cross tables were created, and associations were tested with the chi-square test. The Student t-

test compared quantitative parameters, with a p-value of less than 0.05 considered statistically significant. 

All analyses were performed using SPSS software, version 24.0. 

ETHICAL STATEMENT 

The study protocol adheres to the Declaration of Helsinki and received approval from the Institutional Ethics 

Committee prior to starting the research. All the parents / guardians of the neonates provided written 

informed consent. It was clarified to the parents / guardians that no harm was intended, and they were fully 

informed before giving their consent. Additionally, parents / guardians did not incur any extra costs due to 

their involvement in the study. 

Sample data collection with justification: 

 

 

 

 

 

 

 

 

A sample of 152 

neonates 

22 neonates were in 

exclusion criteria 

130 neonates satisfied 

inclusion for either 

cases or controls. 

65 FGR cases (growth 

restricted neonates) 

65 AGA controls (appropriate 

for gestation age neonates) 

48 FGR neonates 48 AGA neonates 

Total sample of 96 

neonates 

14 neonates have 

inadequate Doppler 

samples, 3 neonates 

expired. 

12 neonates have 

inadequate Doppler 

samples, 5 neonates 

exempted from study. 
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RESULTS 

 

Distribution of neonates according to their gender 

 

Gender 

Study group 
Study group 

AGA AGA 

Female 

N 21 21 42 

% 44% 44% 44% 

Male 

N 27 27 54 

% 56% 56% 56% 

Total 

N 48 48 96 

% 100% 100% 100% 

  p value* = 0.99   

 

*analyzed using chi-square test 
  

Table 6. Distribution of neonates according to their gender 

Each group (AGA and SGA) contained 48 neonates, totaling 96 participants. Among these, 

44% were female (21 in each group), and 56% were male (27 in each group), indicating a balanced 

distribution across the groups as depicted in table 6 and figure 8. The chi-square test yielded a p-

value of 0.99, suggesting no statistically significant difference in gender distribution between the 

AGA and FGR groups. 
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Figure 8. Bar graph showing distribution of neonates according to their gender 

 

Distribution of neonates according to their period of gestation 

Period of Gestation 
 

Study group Study 

group AGA AGA 

Preterm (<37 weeks) 

N 28 28 56 

% 58% 58% 58% 

Term (37 to 41 weeks) 

N 20 20 40 

% 42% 42% 42% 

Total 

N 48 48 96 

% 100% 100% 100% 

    p value* = 0.99   

*analyzed using chi-square test 
  

Table 7. Distribution of neonates according to their period of gestation 
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In both groups, 58% of neonates were born preterm (less than 37 weeks), and 42% were born at 

term (between 37 to 41 weeks). The total preterm births were 56 and term births were 40 as 

depicted in table 7 and figure 9. Similar to gender distribution, the p-value was 0.99, indicating no 

statistically significant difference in gestational age between AGA and FGR neonates. 

 

 

Figure 9. Bar graph showing distribution of neonates according to their period of gestation 
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Distribution of neonates according to 5 minute APGAR score 

    

5 MIN APGAR SCORE 

Study group 
Total 

AGA FGR 

7 N 8 19 27 

 

% 17% 40% 28% 

8 N 13 13 26 

 

% 27% 27% 27% 

9 N 12 11 23 

 

% 25% 23% 24% 

10 N 15 5 20 

  % 31% 10% 21% 

Total N 48 48 96 

  % 100% 100% 100% 

    p value* < 0.01   

*analyzed using chi-square test 
  

 

Table 8. Distribution of neonates according to 5 minute APGAR score 

Although neonates with APGAR scores below 7 were excluded from the study, the AGA 

group demonstrated a more favorable distribution of scores, with 31% scoring 10, while only 10% 

of FGR neonates achieved this. A substantial 40% of FGR neonates had a score of 7 compared to 

just 17% in AGA. Scores of 8 and 9 were relatively evenly distributed as depicted in table 8 and 

figure 10. The chi-square test revealed a p-value of less than 0.01, indicating a statistically 

significant difference, with FGR neonates showing lower APGAR scores overall. 
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Figure 10. Bar diagram showing percentage distribution of neonates according to 5 minute 

APGAR score. 
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Comparison of mean MCA Doppler parameters on day 1, 3, 7 and 1 month between AGA and 

FGR neonates after middle cerebral artery doppler study. 

Time 

points 

 Doppler 

Parameters  

AGA FGR   

Median SD Mean SD p value* 

Day 1 

PSV 33.40 5.40 32.40 5.40 0.41 

EDV 10.60 2.90 10.90 3.90 0.98 

PI 1.10 0.10 1.19 0.20 0.71 

RI 0.68 0.06 0.69 0.10 0.64 

Day 3 

PSV 34.40 5.60 33.40 4.60 0.41 

EDV 10.70 3.10 10.8 3.8 0.69 

PI 1.18 0.15 1.17 0.21 0.94 

RI 0.69 0.06 0.68 0.09 0.88 

Day 7 

PSV 37.10 5.90 35.10 5.70 0.12 

EDV 11.30 3.10 11.20 4.40 0.31 

PI 1.20 0.15 1.19 0.20 0.96 

RI 0.70 0.06 0.69 0.09 0.97 

1 month 

PSV 39.90 6.30 43.10 6.90 < 0.05 

EDV 11.80 3.60 13.10 4.10 0.14 

PI 1.22 0.19 1.21 0.19 0.98 

RI 0.70 0.08 0.70 0.08 0.85 

*analyzed using Mann Whitney test 
   

 

Table 9. Comparison of mean MCA Doppler parameters on day 1, 3, 7 and 1 month between 

AGA and FGR neonates after middle cerebral artery doppler study 
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This describes the longitudinal comparison of cerebral blood flow parameters from middle 

cerebral artery Doppler studies (including PSV, EDV, PI, and RI) between AGA and FGR neonates 

on days 1, 3, 7, and at 1 month. Most values across time points did not show statistically significant 

differences, except at 1 month, where FGR neonates had significantly higher PSV (mean 43.10) 

compared to AGA neonates (mean 39.90), with a p-value of <0.05. Other parameters such as EDV, 

PI, and RI showed no significant differences at any time point as depicted in table 9, figures 11 and 

12. 

 

 

Figure 11. Bar diagram shows Comparison of mean PSV and EDV of MCA on day 1, 3, 7 and 

1 month between AGA and FGR neonates. 
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Figure 12. Bar diagram shows comparison of mean PI and RI of MCA on day 1, 3, 7 and 1 

month between AGA and FGR neonates. 
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Comparison of neurological outcomes between AGA and FGR neonates. 

Neurological outcome 

Study group Study 

group 
AGA AGA 

Convulsions 

N 2 9 11 

% 4% 19% 11% 

Germinal matrix hemorrhage 

N 0 2 2 

% 0% 4% 2% 

PVL 

N 0 2 2 

% 0% 4% 2% 

Uneventful 

N 46 35 81 

% 96% 73% 84% 

Total 

N 48 48 96 

% 100% 100% 100% 

 

p value* < 0.05   

*analyzed using chi-square test,  

N-number of neonates, %-percentage   

Table 10. Comparison of neurological outcomes between AGA and FGR neonates. 

 Convulsions were observed in 19% of FGR neonates compared to only 4% of AGA 

neonates. Germinal matrix hemorrhage and periventricular leukomalacia (PVL) were exclusively 

found in FGR infants (each in 4%) as depicted in table 10 and figure 13. A significantly higher 

proportion of AGA neonates (96%) had uneventful neurological outcomes compared to 73% in the 

FGR group. This difference was statistically significant with a p-value of <0.05. 
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Figure 13. Bar diagram showing comparison of neurological outcomes between AGA and 

FGR neonates. 
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Comparison of mean MCA doppler parameters on day 1, 3, 7 and 1 month between FGR 

neonates with different neurological outcomes. 

 

Time 

points 

 

Doppler 

parameter 

Neurological outcome  

p value* Convulsions Germinal 

matrix 

hemorrhage 

PVL Uneventful 

Median SD Median SD Median SD Median SD 

Day 1 PSV 33.90 4.40 35.65 3.61 29.70 3.30 32.00 4.90 0.51 

EDV 14.30 3.80 19.40 1.60 5.80 0.40 9.90 2.70 < 0.01 

PI 0.96 0.21 0.72 0.01 1.48 0.02 1.19 0.15 < 0.01 

RI 0.58 0.10 0.46 0.01 0.81 0.01 0.69 0.06 < 0.01 

Day 3 PSV 34.50 4.80 36.65 4.20 32.60 4.80 33.00 4.67 0.77 

EDV 14.20 3.78 18.30 2.90 5.70 0.50 9.81 2.77 < 0.01 

PI 0.97 0.20 0.79 0.04 1.54 0.02 1.22 0.14 < 0.01 

RI 0.59 0.09 0.49 0.02 0.82 0.01 0.70 0.06 < 0.01 

Day 7 PSV 36.50 5.90 41.30 9.60 35.40 5.90 34.40 5.51 0.76 

EDV 14.59 4.33 20.95 5.16 6.35 1.01 10.04 3.19 < 0.05 

PI 1.00 0.18 0.79 0.01 1.52 0.01 1.24 0.14 0.98 

RI 0.61 0.09 0.49 0.01 0.82 0.01 0.71 0.06 0.98 

1 

month 

PSV 47.10 5.80 43.70 2.70 36.20 8.27 42.30 6.92 0.41 

EDV 17.30 2.94 20.85 2.90 6.65 0.78 11.84 2.91 < 0.01 

PI 1.04 0.20 0.84 0.07 1.50 0.06 1.26 0.13 < 0.05 

RI 0.62 0.09 0.53 0.04 0.81 0.02 0.72 0.05 < 0.01 

*analyzed using Kruskal Wallis test 

Table 11. Comparison of mean PSV, EDV, PI and RI on day 1, 3, 7 and 1 month between 

FGR neonates with different neurological outcomes on middle cerebral artery doppler (n=48) 
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On day 1, EDV, PI, and RI were significantly different across groups, with particularly low EDV 

and high PI and RI seen in neonates with PVL. Similar trends were observed on subsequent days as 

depicted in table 11 and figures 14 and 15. By 1 month, neonates with PVL continued to show the 

lowest EDV and highest PI/RI, again with statistically significant differences (p < 0.05 or < 0.01 

depending on the parameter). 
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Figure 14. Bar diagram showing Comparison of mean PSV and EDV of MCA on day 1, 3, 7 

and 1 month between FGR neonates with different neurological outcomes (n=48). 
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Figure 15. Bar diagram showing Comparison of mean PI and RI of MCA on day 1, 3, 7 and 1 

month between FGR neonates with different neurological outcomes (n=48). 
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Comparison of mean MCA Doppler parameters on day 1, 3, 7 and 1 month between FGR 

neonates with different NICU stay duration. 

Time 

points 

Doppler 

parameter 

NICU stay 

p 

value* 
3 to 7 days 8 to 14 days More than 14 days 

Median SD Median SD Median SD 

Day 1 

PSV 30.70 3.80 33.50 5.70 34.10 3.90 0.07 

EDV 9.10 2.50 10.80 2.90 15.50 4.80 <0.01 

PI 1.22 0.15 1.15 0.16 0.90 0.25 <0.01 

RI 0.71 0.06 0.68 0.07 0.55 0.12 < 0.01 

Day 3 

PSV 32.10 3.60 34.10 5.50 35.11 4.25 0.13 

EDV 9.10 2.50 10.60 2.80 15.20 4.70 < 0.01 

PI 1.19 0.14 1.22 0.09 1.20 0.10 < 0.01 

RI 0.72 0.06 0.69 0.06 0.57 0.11 < 0.01 

Day 7 

PSV 34.10 5.20 34.82 5.50 38.10 7.10 0.34 

EDV 9.52 3.15 10.60 3.10 16.20 5.70 < 0.05 

PI 1.27 0.14 1.21 0.15 0.96 0.24 < 0.01 

RI 0.72 0.06 0.70 0.06 0.58 0.11 < 0.01 

1 

months 

PSV 42.40 8.20 43.70 6.20 43.20 2.70 0.86 

EDV 11.40 3.50 12.60 2.50 17.60 4.20 < 0.01 

PI 1.29 0.13 1.23 0.14 0.99 0.23 < 0.01 

RI 0.73 0.05 0.71 0.06 0.59 0.10 < 0.01 

*analyzed using Kruskal Wallis test 
   

Table 12. Comparison of mean PSV, EDV, PI and RI on day 1, 3, 7 and 1 month between 

FGR neonates with different NICU stay duration (n=48). 
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 A longer NICU stay was associated with higher EDV and lower PI and RI across all time 

points. For instance, on day 1, those with NICU stays exceeding 14 days had significantly higher 

EDV (15.50) and lower PI (0.90) and RI (0.55) compared to shorter stay durations, as depicted in 

table 12 and figures 16 and 17. These differences were statistically significant (p < 0.01), indicating 

that altered cerebral blood flow parameters may be associated with prolonged hospital stay. 

 

Figure 16. Bar diagram showing comparison of mean PSV, EDV of MCA on day 1, 3, 7 and 1 

month between FGR neonates with different NICU stay duration (n=48) 
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Figure 17. Bar diagram showing comparison of mean PI and RI of MCA on day 1, 3, 7 and 1 

month between FGR neonates with different NICU stay duration (n=48) 

 

Receiver operating characteristic (ROC) curves of Doppler parameters with sensitivity and 

specificity for predicting unfavorable CNS outcomes. 

Pulsatility Index demonstrated high specificity but poor sensitivity and low AUC (< 0.4) 

across all time points, indicating limited standalone utility for predicting unfavorable CNS 

outcomes as depicted in table 13 and figure 18. Although NPV remained consistently high (~85%), 

the overall predictive performance was suboptimal. 
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Table 13. ROC curves for PI at different time points with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

PI PI cutoff Sensitivity Specificity PPV NPV AUC 

Day 1 1.46 13.30% 96.30% 40% 85.70% 0.28 

Day 3 1.52 13.30% 100.00% 100% 86.70% 0.26 

Day 7 1.52 13.30% 100.00% 100% 86.10% 0.27 

1 month 1.46 20.00% 91.30% 30% 86.10% 0.36 

 

 

Figure 18. Receiver operating characteristic curves of PI with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 
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Table 14. ROC curves for PSV at different time points with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

PSV 
PSV 

cutoff 
Sensitivity Specificity PPV NPV AUC 

Day 1 27.2 100.00% 13.50% 18% 100.00% 0.5 

Day 3 35.2 46.60% 61.70% 18% 86.20% 0.5 

Day 7 28.2 100.00% 9.80% 17% 100.00% 0.51 

1 month 38.7 86.60% 38.20% 21% 93.30% 0.61 

 

 

Figure 19. Receiver operating characteristic curves of PSV with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

Peak Systolic Velocity exhibited high sensitivity and NPV, particularly at Day 1 and Day 7, 

but had poor specificity and low PPV as depicted in table 14 and figure 19. The overall AUC values 

(~ 0.5–0.6) suggest limited discriminatory power, with slight improvement at 1 month (AUC 0.61). 
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Table 15. ROC curves for EDV at different time points with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

EDV 
EDV 

cutoff 
Sensitivity Specificity PPV NPV AUC 

Day 1 11.1 66.60% 67.90% 28% 91.60% 0.68 

Day 3 11.8 60.00% 75.30% 31% 91.10% 0.67 

Day 7 10.6 80.00% 55.50% 25% 93.70% 0.68 

1 month 15.5 66.60% 88.90% 53% 93.50% 0.76 

 

 

Figure 20. Receiver operating characteristic curves of EDV with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

 

End Diastolic Velocity demonstrated the best overall diagnostic performance among 

evaluated parameters, with AUC values up to 0.76, good sensitivity and specificity, and high 

negative predictive value (>90%) as depicted in table 15 and figure 20. Its predictive accuracy 

improved notably at 1 month. 
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Table 16. ROC curves for RI at different time points with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

RI RI cutoff Sensitivity Specificity PPV NPV AUC 

Day 1 0.8 13.30% 96.30% 40% 85.70% 0.28 

Day 3 0.82 13.30% 100.00% 100% 86.70% 0.27 

Day 7 0.82 13.30% 100.00% 100% 86.70% 0.27 

1 month 0.83 6.60% 98.70% 50% 85.10% 0.3 

 

 

Figure 21. Receiver operating characteristic curves of RI with sensitivity and specificity for 

predicting unfavorable CNS outcomes. 

Resistive Index demonstrated very high specificity but extremely poor sensitivity and AUC 

values (< 0.3) across all time points, limiting its utility as an independent predictor. Despite high 

negative predictive values (~ 85%), its standalone diagnostic ability was suboptimal, as depicted in 

table 16 and figure 21. 
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    Unfavorable outcome   

  
 

Odds ratio 95% CI p value  

PSV Day 1 0.99 0.89 to 1.11 0.94 

  Day 3 0.99 0.89 to 1.11 0.81 

  Day 7 1.01 0.92 to 1.11 0.82 

  1 month 1.06 0.98 to 1.1 0.14 

  
   

  

EDV Day 1 1.25 1.07 to 1.4 < 0.01 

  Day 3 1.22 1.05 to 1.4 < 0.01 

  Day 7 1.2 1.05 to 1.3 < 0.01 

  1 month 1.3 1.11 to 1.5 < 0.01 

  
   

  

PI Day 1 0.01 0 to 0.14 < 0.01 

  Day 3 0.1 0 to 0.13 < 0.01 

  Day 7 0.1 0 to 0.11 < 0.01 

  1 month 0.02 0 to 0.5 < 0.05 

  
   

  

RI Day 1 0.01 0 to 0.01 < 0.01 

  Day 3 0.01 0 to 0.01 < 0.01 

  Day 7 0.01 0 to 0.01 < 0.01 

  1 month 0.01 0 to 0.02 < 0.01 

 

Table 17. Predictive ability of PSV, EDV, PI and RI for unfavorable CNS outcome 
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Predictive ability of PSV, EDV, PI and RI with odds ratio are depicted in table 17. No statistically 

significant association was found between PSV and unfavorable outcomes at any time point 

(p>0.05). The odds ratios were close to 1, indicating a neutral effect. 

EDV showed a strong and statistically significant positive association with unfavorable outcomes 

across all time points (p<0.01). An increase in EDV corresponded to a higher risk of adverse 

neurological events, with odds ratios ranging from 1.20 to 1.30. 

Both, PI and RI exhibited a strong inverse association with adverse outcomes, maintaining highly 

significant p-values throughout the study period (p < 0.01). RI values below normal were predictive 

of increased neurological risk. 
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CASE IMAGES: 

A case of preterm FGR male neonate at day 7 shows persistent periventricular flaring 

adjacent to frontal horn of lateral ventricles with a tiny cyst suggestive of Grade II PVL, with 

Doppler parameters as shown in figure 22. 

 

 

Figure 22: Neurosonogram with MCA Doppler in a preterm neonate with PVL. 
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A case of preterm FGR male neonate at day 3 shows germinal matrix hemorrhage in left 

frontal lobe, with Doppler parameters as shown in figure 23. 

 

 

 

Figure 23: Neurosonogram with MCA Doppler of a preterm FGR male neonate at day 3, 

yellow arrow shows germinal matrix hemorrhage. 
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A case of term AGA female neonate at day 3 shows no significant abnormality in transcranial 

USG, with Doppler parameters as shown in figure 24. 

 

 

 

Figure 24: Neurosonogram with MCA Doppler of a Preterm AGA male neonate at day 3 

shows no abnormal imaging / Doppler findings. 
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DISCUSSION 

 This cross-sectional study was conducted at Department of Radio Diagnosis and Paediatrics 

at R.L. Jalappa Hospital and Research Center attached to Sri Devaraj Urs Medical College, Kolar to 

investigate the role of the MCA doppler study indices in growth-restricted neonates. During the 

study, 48 FGR neonates and 48 AGA neonates were included. All neonates were subjected to 

cranial ultrasonography and MCA Doppler on day 1, day 3, and day 7 and 1 month with curvilinear 

transducer C8-5 MHz. The results of our study are discussed as follows. 

Baseline characteristics 

In our study, 48 neonates were included in AGA and FGR groups. Among these, 44% were 

female (21 in each group), and 56% were male (27 in each group), indicating a balanced 

distribution across the groups. In both groups, 58% of neonates were born preterm (less than 37 

weeks), and 42% were born at term (between 37 to 41 weeks). 

Yakout et al. also demonstrated poorer neonatal outcomes in IUGR cases, including 

significantly increased NICU admissions, intrauterine deaths, and low birth weights. Although 

APGAR scores weren‘t isolated, the clinical correlation is strong.
41

 

Krishnamurthy et al. excluded neonates with 5-minute APGAR <7 to avoid confounding, so 

their population was inherently skewed toward higher APGARs, which may explain their lack of 

acute clinical events compared to our study. Jain did not discuss APGARs, but their cohort included 

neonates diagnosed with HIE based on Sarnat staging, indirectly implying lower scores.
36

 

Venkatesh et al. didn‘t use APGAR as a variable but highlighted that severely sick neonates 

with hemodynamic instability had extremely poor survival, indirectly supporting the importance of 

early poor clinical signs like low APGARs.
40
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Comparison of middle cerebral artery doppler parameters between AGA and FGR 

In the present study, most values across time points did not show statistically significant 

differences, except at 1 month, where FGR neonates had significantly higher PSV (mean 43.10) 

compared to AGA neonates (mean 39.90), with a p-value of <0.05. 

Jain et al. reported significantly higher PSV and EDV and lower RI/PI in HIE cases than 

controls. They also found that these indices varied with the severity of HIE, which aligns with our 

observation of abnormal Doppler values in neonates who later developed convulsions or PVL.
42

 

Yakout et al. observed that MCA PI and RI were significantly lower in IUGR cases and 

correlated with neonatal mortality and NICU admission. They emphasized the brain-sparing effect 

and cerebral vasodilation, matching our findings of decreased resistance in FGR infants.
41

 

Krishnamurthy et al. showed that postnatal Doppler changes (notably increased EDV and 

reduced PI/RI) were more pronounced in FGR neonates with prior abnormal antenatal Dopplers. 

Their conclusion about persistent cerebral redistribution agrees with our data showing continuing 

Doppler abnormalities over weeks.
36

 

Venkatesh et al. focused on diastolic flow reversal as a predictor of mortality. Though our 

study didn‘t observe reversal, the strong association between lower RI and worse outcomes echoes 

Venkatesh‘s conclusion that cerebral blood flow deterioration is a predictor of poor survival.
40

 

Prognostic value of middle cerebral artery doppler parameters in FGR neonates 

We observed that on day 1, EDV, PI, and RI were significantly different across groups, with 

particularly low EDV and high PI and RI seen in neonates with PVL. Similar trends were observed 

on subsequent days. By 1 month, neonates with PVL continued to show the lowest EDV and 

highest PI/RI, again with statistically significant differences (p < 0.05 or < 0.01 depending on the  
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parameter). A longer NICU stay was associated with higher EDV and lower PI and RI across all 

time points.  

Also, in our study, Pulsatility Index demonstrated high specificity but poor sensitivity and 

low AUC (<0.4) across all time points, indicating limited standalone utility for predicting 

unfavorable CNS outcomes. Peak Systolic Velocity exhibited high sensitivity and NPV, particularly 

at Day 1 and Day 7, but had poor specificity and low PPV. End Diastolic Velocity demonstrated the 

best overall diagnostic performance among evaluated parameters, with AUC values up to 0.76, 

good sensitivity and specificity, and high negative predictive value (>90%). Its predictive accuracy 

improved notably at 1 month. Resistive Index demonstrated very high specificity but extremely 

poor sensitivity and AUC values (<0.3) across all time points, limiting its utility as an independent 

predictor.  

EDV showed a strong and statistically significant positive association with unfavorable 

outcomes across all time points (p<0.01). An increase in EDV corresponded to a higher risk of 

adverse neurological events, with odds ratios ranging from 1.20 to 1.30. Both, PI and RI exhibited a 

strong inverse association with adverse outcomes, maintaining highly significant p-values 

throughout the study period (p<0.01). 

Jain et al. highlighted a correlation between abnormal MCA Doppler indices and severity of 

HIE, indirectly implying future neurological deficits. The findings on increased EDV and decreased 

PI/RI match our data, especially in severely affected FGR neonates. Jain also indirectly supported 

our conclusions about doppler values and HINE score. They found association of lower RI/PI with 

more severe HIE stages, which typically carry worse developmental prognoses.
42
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Yakout et al. didn‘t track specific neurological outcomes like convulsions or PVL but linked 

abnormal MCA PI/RI and CPR to neonatal mortality and NICU admission, which are strongly 

associated with poor neurodevelopment. The authors also reported increased NICU admissions 

among IUGR neonates and tied this to lower MCA PI and RI, in line with our data.
41

 

Venkatesh et al. demonstrated a stark contrast in survival based on the presence of diastolic 

flow reversal, with dramatically reduced survival times (1.3 hours vs. 133 days), directly 

associating poor cerebral blood flow with fatal neurological outcomes. They emphasized RI 

reversal as an indication of mortality, a stage well beyond what would be assessed on HINE 

scoring, but in a compatible trajectory of worsening cerebral function.
40

 

Krishnamurthy et al. identified cranial ultrasound abnormalities (CUAs) in 20% of FGR 

neonates with abnormal MCA Dopplers, including PVL and subdural hemorrhages, which closely 

mirrors our group‘s adverse neurological outcomes in the same population. They also found that 

FGR neonates with persistent abnormal cerebral blood flow postnatally required more intensive 

care, suggesting a link between Doppler profiles and NICU needs, though their data didn‘t break 

NICU stay into durations. The authors observed that postnatal MCA Doppler abnormalities persist 

in FGR neonates and may signal a higher risk of neuro-disability.
36

 

A recent review by Kumar‘s suggested that low EDV and elevated RI/PI are linked to poor 

neurological outcomes. They also note a sustained reduction in CBF velocities in all major arteries 

up to 1–2 months in such cases and recommended serial monitoring rather than relying on a single 

Doppler parameter and stresses the need for combined clinical and imaging predictors to improve 

prognostication.
26
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Reversal of RI and Absent End Diastolic Doppler wave form 

One of the study objectives was to evaluate whether reversal or absence of end-diastolic 

flow in the middle cerebral artery (MCA) could serve as an early marker of neonatal mortality and 

neurological morbidity. 

In our study, two FGR neonates demonstrated reversed end-diastolic flow in the MCA 

during Doppler assessments performed on Day 1 and Day 3 of life, respectively. Both neonates 

subsequently succumbed with no followed-up Day 10 and 1 month of life Doppler parameters, 

therefore were excluded from the final analysis dataset. 

The early postnatal detection of reversed end-diastolic flow in these neonates highlights the 

prognostic significance of this Doppler finding. These observations are consistent with the findings 

of Venkatesh et al. who reported a strong association between MCA diastolic flow reversal and 

drastically reduced neonatal survival, with a mean survival time of only 1.3 hours following 

reversal detection.
40

 

Although reversal events were rare in our study population, their occurrence was uniformly 

associated with mortality, thereby reinforcing the concept that absent or reversed end-diastolic flow 

in the MCA postnatally is a critical and ominous predictor of adverse outcomes. 

Given the fatal progression observed in both cases with reversed flow, it is suggested that 

serial cerebral Doppler surveillance in high-risk neonates, particularly those with FGR, could offer 

an important opportunity for early identification of critically compromised neonates. 
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SUMMARY 
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SUMMARY 

This cross-sectional study was conducted at Department of Radio Diagnosis and Pediatrics 

at R.L. Jalappa Hospital and Research Center attached to Sri Devaraj Urs Medical College, Kolar to 

investigate the role of the MCA Doppler study indices in growth-restricted neonates. During the 

study, 48 FGR neonates and 48 AGA neonates were included. All neonates were subjected to 

cranial ultrasonography and MCA Doppler on day 1, day 3, and day 7 and 1 month with curvilinear 

transducer C8-5 MHz. 

In our study, 48 neonates were included in AGA and FGR groups. Among these, 44% were 

female (21 in each group), and 56% were male (27 in each group), indicating a balanced 

distribution across the groups. In both groups, 58% of neonates were born preterm (less than 37 

weeks), and 42% were born at term (between 37 to 41 weeks). 

Most values across time points did not show statistically significant differences, except at 1 

month, where FGR neonates had significantly higher PSV (mean 43.10) compared to AGA 

neonates (mean 39.90), with a p-value of <0.05. 

On day 1, EDV, PI, and RI were significantly different across groups, with particularly low 

EDV and high PI and RI seen in neonates with PVL. Similar trends were observed on subsequent 

days. By 1 month, neonates with PVL continued to show the lowest EDV and highest PI/RI, again 

with statistically significant differences (p < 0.05 or < 0.01 depending on the parameter).  

A longer NICU stay was associated with higher EDV and lower PI and RI across all time 

points. For instance, on day 1, those with NICU stays exceeding 14 days had significantly higher 

EDV (15.50) and lower PI (0.90) and RI (0.55) compared to shorter stay durations.  
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Pulsatility Index demonstrated high specificity but poor sensitivity and low AUC (<0.4) 

across all time points, indicating limited standalone utility for predicting unfavorable CNS 

outcomes. Peak Systolic Velocity exhibited high sensitivity and NPV, particularly at Day 1 and Day 

7, but had poor specificity and low PPV. End Diastolic Velocity demonstrated the best overall 

diagnostic performance among evaluated parameters, with AUC values up to 0.76, good sensitivity 

and specificity, and high negative predictive value (>90%). Its predictive accuracy improved 

notably at 1 month. Resistive Index demonstrated very high specificity but extremely poor 

sensitivity and AUC values (<0.3) across all time points, limiting its utility as an independent 

predictor.  

EDV showed a strong and statistically significant positive association with unfavorable 

outcomes across all time points (p<0.01). An increase in EDV corresponded to a higher risk of 

adverse neurological events, with odds ratios ranging from 1.20 to 1.30. Both, PI and RI exhibited a 

strong inverse association with adverse outcomes, maintaining highly significant p-values 

throughout the study period (p<0.01). 

.  
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LIMITATIONS 

There are a few limitations of the present study: 

1. Being conducted in a single institution restricts the external validity of our findings. 

Variations in clinical protocols, NICU care, Doppler technique, and follow-up procedures 

across centers could influence cerebral hemodynamics and outcomes. 

2. Although we followed neonates up to 1 month with follow-up Doppler, many neurological 

deficits (especially cognitive or behavioral) may manifest later in infancy or early 

childhood. 

3. NICU duration is influenced by multiple factors, which may have introduced variability in 

our findings; future multicenter cohort studies are needed to validate these results. 

4. Doppler measurements, particularly in neonates, are operator-dependent and prone to 

variability based on insonation angle, probe pressure, and patient movement. 
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CONCLUSION 

Based on the results of our study, we can conclude that: 

1. Key MCA Doppler findings in FGR neonates included increased end-diastolic velocity 

(EDV), decreased pulsatility index (PI) and decreased resistance index (RI). 

2. End Diastolic Velocity (EDV) was found to be the most reliable and diagnostically accurate 

Doppler parameter for predicting unfavorable central nervous system (CNS) outcomes. It 

showed good sensitivity, specificity, and a relatively high area under the curve (AUC up to 

0.76), particularly improving at 1 month. 

3. Prolonged NICU stay in FGR neonates was linked to abnormal cerebral Doppler parameters, 

especially lower PI and RI. 
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RECOMMENDATIONS  

Thus, it is recommended that: 

1. Serial postnatal cerebral Doppler assessments (especially of the middle cerebral artery) 

should be incorporated into routine evaluation protocols for neonates with Fetal Growth 

Restriction (FGR). 

2. Doppler indices (PI, RI, and EDV) should be used as early screening tools to identify FGR 

neonates at risk of adverse neurological outcomes 

3. Future multicenter cohorts with long term follow up into early childhood should be done for 

greater generalizability. 
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ANNEXURE I - PROFORMA 

 

STUDY TITLE: “ROLE OF MIDDLE CEREBRAL ARTERY DOPPLER 

IN POSTNATAL GROWTH RESTRICTED NEONATES – A CASE CONTROL STUDY.” 

 

DEMOGRAPHIC DETAILS    

1. Name: 

2. Age: 

3. UHID No / IP No: 

4. Parent / Guardian name: 

5. Relation to child: 

 

 MATERNAL DETAILS 

1. Maternal age: 

2. Nulliparous / multiparous: 

3. Smoking / drug abuse: 

4. BMI: 

5. Any maternal conditions: Diabetes / hypertension 

6. Any maternal comorbidities: 

7. Gestation age at delivery: 

8. Abnormal fetal growth measurements (diagnostic for fetal growth restriction): Present / 

Absent 

9. Abnormal Doppler findings (diagnostic for fetal growth restriction): Present / Absent. 

 

CHILD DETAILS 

1. Birth weight: 

2. 5 min APGAR: 

3. Neonatal co-morbidities:  

4. Resuscitation: YES / NO 
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NEUROSONOGRAM FINDINGS:  

Normal / unfavorable (any pathology) 

MIDDLE CEREBRAL ARTERY DOPPLER FINDINGS: 

 

DOPPLER 

PARAMETERS 

Day 1 Day 3 Day 7 1 month 

PSV 
    

EDV 
    

PI 
    

RI 
    

    

   PSV : Peak systolic velocity 

   EDV : End diastolic velocity 

   PI : Pulsatality index = PSV-EDV/ Mean velocity 

   RI : Resistive index = PSV-EDV/PSV 

 

ADVERSE NEUROLOGICAL OUTCOME: Yes / No 

1. Germinal matrix hemorrhage (GMH) / Intraventricular Hemorrhage (IVH) 

2. Periventricular leukomalacia (PVL) 

3. Convulsions in first 10 days related to neurological cause 
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ANNEXURE II - INFORMED CONSENT 

I Mr/Mrs. __________ parent / guardian of __________ have been explained in my own 

understandable language, that my child will be included in a study which is “ROLE OF MIDDLE 

CEREBRAL ARTERY DOPPLER IN POSTNATAL GROWTH RESTRICTED 

NEONATES - A CASE CONTROL STUDY”. 

a. I have been explained that my child‘s clinical findings, investigations, postoperative findings 

will be assessed and documented for study purpose. 

b. I have been explained my child‘s participation in this study is entirely voluntary, and I can 

withdraw my child from the study any time and this will not affect my relation with my doctor 

or the treatment for my child‘s ailment. 

c. I have been explained about the interventions needed possible benefits and adversities due to 

interventions, in my own understandable language. 

d. I have understood that all my child‘s details found during the study are kept confidential and 

while publishing or sharing of the findings, my child‘s details will be masked. 

e. I have principal investigator mobile number for enquiries. 

f. I in my sound mind give full consent for my child to be added in the part of this study. 

 

Signature of the parent/guardian:    Signature of the witness: 

 

Name:        Name: 

Relation to patient:      Relation to patient: 

 

Date: 

Place: 
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ANNEXURE III - PATIENT INFORMATION SHEET 

STUDY TITLE: “ROLE OF MIDDLE CEREBRAL ARTERY DOPPLER IN POSTNATAL 

GROWTH RESTRICTED NEONATES - A CASE CONTROL STUDY”. 

STUDY SITE:  R.L Jalappa Hospital and Research Centre, Tamaka, Kolar. 

This is to inform you that, your child require MCA Doppler scan for assessment and monitoring of 

cerebral blood flow. This USG can be used as a prognostic marker for neonatal adverse outcomes 

and for planning of the clinical management. The neonates referred to department of Radiology at 

R.L Jalappa hospital and research Centre, Tamaka, Kolar to undergo Neurosonogram & MCA 

Doppler as a part of protocol and of those patients who meet the inclusion criteria will be taken for 

the study. 

We are conducting this study MCA Doppler parameters to predict the severity and outcome of 

neurological condition. 

If you are willing your child will be enrolled in this study and we will do USG and other relevant 

investigations which are required for further management. This will facilitate evaluation of middle 

cerebral artery Doppler parameters, which can be used for predicting adverse neurological 

outcomes in FGR neonates and planning clinical management. It will also benefit other FGR 

neonates in the future.  

You are free to opt-out of the study at any time if you are not satisfied or apprehensive to be a part 

of the study. Your child‘s treatment and care will not be compromised if you refuse to be a part of 

the study.  

The study will not add any risk or financial burden to you if you are part of the study. In case of any 

complications patient will be treated accordingly. 

Your and your child‘s identity and clinical details will be confidential and will be used only for 

research purpose. 

You are free to contact principal investigator for any doubt or clarification you have. 

Principal investigator: Dr. Thavan Mummaneni 

Mobile no: 8500654206 

Date: 
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KEY TO MASTER CHART 

 

1. S.No.: serial number 

2. F: Female 

3. M: male 

4. LBW: Low birth weight 

5. POG: Period of gestation 

6. W: Weeks 

7. D: Day / Days 

8. M: Month 

9. AGA: Appropriate gestation age neonates. 

10. FGR: Fetal growth restricted neonates 

11. NICU: Neonatal intensive care unit 

12. PSV: Peak systolic velocity 

13. EDV: End diastolic velocity 

14. PI: Pulsatility index 

15. RI: Resistive index 

16. U: Uneventful 

17. C: convulsions 

18. GMH: Germinal matrix hemorrhage 

19. PVL: Periventricular leukomalacia 

20. A: Absent 
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S. No.
BABY 

GENDER

BABY 

WEIGHT 

(KG)

LBW

5 MIN 

APGAR 

SCORE

POG
AGA / 

FGR

NICU 

STAY

PSV- 1 

D

EDV- 1 

D
PI- 1 D RI- 1 D PSV- 3 D

EDV- 3 

D
PI- 3 D RI- 3 D

PSV- 7 

D

EDV- 7 

D
PI- 7 D RI- 7 D

PSV- 1 

M

EDV- 1 

M
PI- 1 M RI- 1 M  EVENTS

NEUROLOGIC

AL OUTCOME
RO-RI

1 F 1.8 Yes 8 37W 5 D FGR 7 27.4 9 1.04 0.67 28.2 9 1.16 0.68 27.5 9.1 1.14 0.67 29.5 9.1 1.19 0.69 U No A

2 M 1.2 Yes 7 35 W FGR 6 24.2 6.8 1.25 0.72 29.6 8 1.28 0.73 33.5 8.7 1.31 0.74 31.8 7.6 1.36 0.76 U No A

3 M 1.4 Yes 8 38 W FGR 9 33.5 9.7 1.23 0.71 34.2 9.6 1.25 0.72 36.2 9.8 1.28 0.73 36.6 10.6 1.23 0.71 U No A

4 M 1.4 Yes 8 36 W 5 D FGR 21 38.2 19.9 0.76 0.48 40.2 20.1 0.8 0.5 44 21.1 0.83 0.52 45.4 20.4 0.89 0.55 C Yes A

5 M 1.9 Yes 7 39W 4 D FGR 3 26.5 8.2 1.18 0.69 28.2 8.2 1.23 0.71 28 8.4 1.21 0.7 32.1 10 1.18 0.69 U No A

6 F 1.1 Yes 9 34 W FGR 10 35.2 8.8 1.33 0.75 33 7.9 1.36 0.76 35 8.1 1.38 0.77 43.9 11 1.33 0.75 U No A

7 F 2.3 Yes 7 39 W 1 D FGR 7 33 11.6 1.09 0.65 36.6 13.2 1.07 0.64 40.1 14.8 1.05 0.63 41.7 14.6 1.09 0.65 U No A

8 M 1.6 Yes 7 35 W FGR 8 31.2 11.2 0.91 0.64 36.2 12.7 1.09 0.65 39.2 13.3 1.12 0.66 35.5 12.8 1.07 0.64 U No A

9 M 1.3 Yes 7 37 W 4 D FGR 18 40.5 19.4 0.83 0.52 40.5 19 0.85 0.53 42 19.3 0.87 0.54 46.2 20.8 0.89 0.55 C Yes A

10 M 1.2 Yes 8 34 W 4 D FGR 8 45.2 16.3 1.07 0.64 45.2 15.8 1.09 0.65 42.5 14 1.14 0.67 41.1 11.9 1.23 0.71 U No A

11 M 1.8 Yes 10 37 W 4 D FGR 5 32.5 8.1 1.33 0.75 34.5 7.9 1.38 0.77 30.2 6.6 1.41 0.78 34.5 7.2 1.44 0.79 U No A

12 F 2.3 Yes 7 33 W 2 D FGR 22 33.2 15.9 0.83 0.52 35.2 15.8 0.89 0.55 33.4 14.7 0.91 0.56 38.7 17 0.91 0.56 C Yes A

13 F 0.9 Yes 7 32 W FGR 4 32.5 9.8 1.2 0.7 33.4 9 1.28 0.73 38.2 9.9 1.31 0.74 34.4 7.9 1.38 0.77 U No A

14 F 2.1 Yes 10 40 W 4 D FGR 14 33.2 12.3 1.05 0.63 34.2 11.3 1.14 0.67 31.1 10 1.16 0.68 38.2 11.8 1.19 0.69 U No A

15 M 1.8 Yes 9 35 W 3 D FGR 12 35.9 12.2 1.12 0.66 36.9 11.4 1.19 0.69 35.2 10.9 1.18 0.69 41 12.7 1.18 0.69 U No A

16 M 2.2 Yes 7 33 W FGR 18 33.2 18.3 0.71 0.45 33.2 16.3 0.81 0.51 34.5 17.3 0.79 0.5 41.8 18.8 0.89 0.55 GMH Yes A

17 M 1.8 Yes 8 35 W 5 D FGR 15 30.5 10.1 1.13 0.67 30.5 9.8 1.16 0.68 29.4 9.1 1.18 0.69 42.6 13.6 1.16 0.68 U No A

18 M 2.1 Yes 9 37 W 5 D FGR 12 41.4 14.9 1.07 0.64 37.7 12.4 1.14 0.67 42.5 14 1.14 0.67 43.4 13.5 1.18 0.69 U No A

19 M 1.1 Yes 8 34 W FGR 28 32.1 6.1 1.49 0.81 36 6.1 1.55 0.83 39.6 7.1 1.52 0.82 42.1 7.2 1.55 0.83 PVL Yes A

20 F 1.9 Yes 7 38 W 4 D FGR 10 27.2 12 0.91 0.56 26.2 11.8 0.89 0.55 28.8 12.4 0.93 0.57 45 18 0.99 0.6 C Yes A

21 F 1.1 Yes 7 34 W 3 D FGR 4 28.8 7.8 1.28 0.73 31.2 7.8 1.33 0.75 33.2 8.3 1.33 0.75 45.7 11.9 1.3 0.74 U No A

22 F 1.8 Yes 10 35 W 4 D FGR 6 29.3 7.9 1.28 0.73 29.3 8.2 1.26 0.72 32.5 8.8 1.28 0.73 46.5 12.6 1.28 0.73 U No A

23 F 1.8 Yes 9 37W 5 D FGR 9 42.8 8.1 1.49 0.81 42.8 8.6 1.46 0.8 41.5 7.9 1.49 0.81 47.3 9 1.49 0.81 U No A

24 M 1.2 Yes 10 35 W FGR 6 37.3 16.4 0.91 0.56 37.3 16 0.93 0.57 45.2 19 0.95 0.58 48.1 19.2 0.99 0.6 U No A

25 M 1.4 Yes 8 38 W FGR 11 32.5 9.4 1.23 0.71 36.4 10.9 1.21 0.7 27.4 8.2 1.21 0.7 48.9 14.2 1.23 0.71 U No A

26 M 1.4 Yes 7 32 W 5 D FGR 21 38.2 20.6 0.73 0.46 39.2 20.4 0.76 0.48 48.2 24.6 0.78 0.49 45.7 22.9 0.79 0.5 GMH Yes A

27 M 2.2 Yes 8 39W 4 D FGR 6 32.2 9 1.26 0.72 34.2 9.2 1.28 0.73 43.2 11.7 1.28 0.73 50.5 13.1 1.31 0.74 U No A

28 F 1.3 Yes 7 34 W FGR 3 34.1 10.9 1.16 0.68 34.1 11.3 1.13 0.67 35.5 11.4 1.16 0.68 51.3 14.9 1.23 0.71 U No A

29 F 2.3 Yes 7 39 W 1 D FGR 7 26.2 11 0.95 0.58 26.2 10 1.03 0.62 27.6 9.9 1.07 0.64 42 14.3 1.11 0.66 U No A

30 M 1.4 Yes 8 35 W FGR 8 24.5 6.6 1.28 0.73 24.5 6.4 1.3 0.74 25.5 6.4 1.33 0.75 52.8 12.7 1.35 0.76 U No A

31 M 1.3 Yes 9 37 W 4 D FGR 14 37.1 11.1 1.21 0.7 37.1 11.1 1.21 0.7 38.1 11 1.23 0.71 53.6 12.3 1.38 0.77 C Yes A

32 M 1.4 Yes 7 34 W 4 D FGR 3 27.4 5.5 1.46 0.8 29.2 5.3 1.52 0.82 31.2 5.6 1.52 0.82 30.4 6.1 1.46 0.8 PVL Yes A

33 M 1.8 Yes 8 37 W 4 D FGR 7 33.6 10.1 1.21 0.7 33.6 9.4 1.26 0.72 37.5 10.1 1.28 0.73 55.2 14.4 1.3 0.74 U No A

34 F 1.5 Yes 9 36 W 2 D FGR 10 28.6 10.9 1.03 0.62 31.2 10.9 1.09 0.65 35 11.9 1.12 0.66 47.4 16.1 1.12 0.66 U No A

35 F 1 Yes 7 36  W 1 D FGR 7 34.6 10.7 1.19 0.69 34.6 9.7 1.25 0.72 32 8.6 1.28 0.73 56.8 15.9 1.26 0.72 U No A

36 F 2.2 Yes 10 39 W 4 D FGR 5 31.9 8 1.33 0.75 33.4 8.4 1.33 0.75 35.4 9.2 1.3 0.74 55.6 13.9 1.33 0.75 C Yes A

37 M 1.8 Yes 9 35 W 3 D FGR 9 35.6 16 0.89 0.55 37.5 16.5 0.91 0.56 42.5 18.7 0.91 0.56 38.3 15.7 0.97 0.59 U No A

38 M 1.2 Yes 9 32 W 5 D FGR 25 28.8 14.4 0.8 0.5 28.8 13.8 0.83 0.52 28.2 13.3 0.85 0.53 40.1 18.4 0.87 0.54 C Yes A

39 M 1.8 Yes 8 35 W 5 D FGR 5 34.9 8.7 1.33 0.75 34.9 7.3 1.44 0.79 31.2 6.2 1.47 0.8 45.9 9.2 1.46 0.8 U No A

40 M 2.1 Yes 8 37 W 5 D FGR 10 28.4 6.8 1.36 0.76 28.4 6.5 1.39 0.77 29.2 6.7 1.38 0.77 49.1 10.3 1.44 0.79 U No A

41 M 1.2 Yes 7 34 W FGR 12 36.5 12.4 1.12 0.66 37.5 12.4 1.14 0.67 35.2 10.9 1.18 0.69 52.5 15.8 1.2 0.7 C Yes A

42 F 1.9 Yes 7 38 W 4 D FGR 4 32.2 7.7 1.36 0.76 34.2 7.5 1.41 0.78 33.5 7.7 1.38 0.77 38.4 8.4 1.41 0.78 U No A

43 F 1.2 Yes 7 34 W 3 D FGR 8 27.4 8.2 1.21 0.7 27.4 7.9 1.23 0.71 29.1 8.1 1.26 0.72 33.6 9.1 1.28 0.73 U No A

44 F 1.8 Yes 9 35 W 4 D FGR 7 24.6 6.2 1.32 0.75 25.6 6.4 1.33 0.75 26.5 6.4 1.35 0.76 35.4 8.1 1.39 0.77 U No A

45 F 2.1 Yes 9 38 W 4 D FGR 9 28.1 8.4 1.21 0.7 29.1 8.4 1.23 0.71 32.8 9.2 1.25 0.72 38.5 10 1.31 0.74 U No A

46 M 1.5 Yes 7 34 W 3 D FGR 5 27.4 5.5 1.46 0.8 27.4 5.2 1.49 0.81 34.2 6.8 1.47 0.8 40.1 8 1.46 0.8 U No A

47 F 1.1 Yes 8 35 W 4 D FGR 19 31.8 15.6 0.81 0.51 32.4 15.6 0.83 0.52 44 19.4 0.91 0.56 46.2 19.9 0.93 0.57 C Yes A

48 F 1.6 Yes 9 37W 5 D FGR 7 35.2 12 1.11 0.66 36.8 12.9 1.09 0.65 41.2 12.8 1.18 0.69 44.5 12.9 1.23 0.71 U No A
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49 M 2.6 No 9 37 W 1 D AGA Nil 31.1 7.8 1.2 0.75 35.2 8.4 1.23 0.76 37 9.6 1.23 0.74 40.9 10.2 1.19 0.75 U No A

50 F 2.1 Yes 9 35 W 4 D AGA Nil 32.9 12.2 1.3 0.63 34.1 13 1.33 0.62 35.2 12.7 1.31 0.64 33.3 11.7 1.35 0.65 U No A

51 M 2.8 No 10 38 W 2 D AGA Nil 45.6 16.4 1.16 0.64 46.6 16.3 1.16 0.65 48 16.3 1.19 0.66 50.2 18.1 1.23 0.64 U No A

52 M 2.5 No 8 36 W AGA Nil 41.5 19.9 0.82 0.52 45.2 21.7 0.85 0.52 49.1 22.6 0.83 0.54 51.6 23.2 0.87 0.55 U No A

53 M 3 No 7 39 W 1 D AGA Nil 33.2 10.6 1.18 0.68 35.2 9.9 1.12 0.72 37.5 11.3 1.14 0.7 39 11.3 1.19 0.71 U No A

54 M 1.9 Yes 8 34 W 3 D AGA Nil 24.1 5.5 1.33 0.77 26.5 5.8 1.36 0.78 30.2 6.9 1.31 0.77 29.3 6.2 1.33 0.79 U No A

55 F 2.9 No 8 39 W 3 D AGA Nil 39.3 15.3 1.05 0.61 41.2 17.3 1.03 0.58 43.4 17.4 1.07 0.6 46.5 18.6 1.09 0.6 U No A

56 F 2.6 No 10 35 W AGA Nil 36.5 10.6 1.07 0.71 35.1 9.8 1.09 0.72 35.6 9.3 1.12 0.74 35.9 8.6 1.07 0.76 U No A

57 M 2.8 No 8 37 W 7 D AGA Nil 42.2 16 0.83 0.62 42.2 13.1 0.83 0.69 41.1 14 0.87 0.66 40.9 13.5 0.89 0.67 U No A

58 F 2.6 No 9 34 W 3 D AGA Nil 35.2 12 1.16 0.66 37.4 12.3 1.25 0.67 38.9 12.8 1.2 0.67 42.2 13.1 1.23 0.69 U No A

59 M 2.6 No 9 37 W 1 D AGA Nil 33.2 15.9 1.39 0.52 32.5 15.6 1.41 0.52 34.7 16.3 1.39 0.53 31.6 14.2 1.43 0.55 U No A

60 M 2.4 Yes 8 33 W 1 D AGA Nil 29.4 10 1.01 0.66 30.5 10.7 0.95 0.65 33.1 11.6 0.99 0.65 35.5 11.4 0.99 0.68 C Yes A

61 F 2.3 Yes 9 32 W AGA Nil 38.7 12.4 1.23 0.68 38.7 11.6 1.26 0.7 42.5 13.2 1.3 0.69 39 12.1 1.36 0.69 U No A

62 M 2.9 No 7 40 W 6 D AGA Nil 40.1 9.6 1.03 0.76 39 9.8 1.18 0.75 39.6 8.7 1.11 0.78 44.7 7.6 1.14 0.83 U No A

63 F 2.6 No 10 35 W AGA Nil 34.2 14.4 1.11 0.58 34.2 13.7 1.14 0.6 36.8 15.1 1.14 0.59 34.3 13.7 1.18 0.6 U No A

64 M 1.6 Yes 8 33 W 1 D AGA Nil 28.8 8.6 0.83 0.7 31.2 8.7 0.83 0.72 34.2 9.2 0.85 0.73 36.9 9.6 0.89 0.74 U No A

65 M 2.4 Yes 8 35 W 2 D AGA Nil 32.5 9.8 1.11 0.7 35.5 10.3 1.09 0.71 37.1 10.4 1.09 0.72 40.8 11 1.16 0.73 U No A

66 F 2.7 No 7 37 W 2 D AGA Nil 26.5 5.3 1.16 0.8 27.4 5.8 1.21 0.79 32.4 6.2 1.18 0.81 29.8 5.7 1.18 0.81 U No A

67 M 2.4 Yes 9 34 W 2 D AGA Nil 31.3 10 1.36 0.68 33.5 10.7 1.33 0.68 34.4 11 1.41 0.68 32.4 13 1.55 0.6 U No A

68 M 2.9 No 10 38 W 6 D AGA Nil 42.8 12 0.94 0.72 37.3 10.4 0.99 0.72 45.2 12.7 0.97 0.72 48.2 14 0.99 0.71 U No A

69 F 2 Yes 10 34 W AGA Nil 28.2 11.8 1.21 0.58 30.2 12.1 1.26 0.6 28.2 7.6 1.28 0.73 43.4 21.7 1.3 0.5 U No A

70 F 2.4 Yes 10 35 W AGA Nil 39.2 9.8 1.2 0.75 39.2 11 1.23 0.72 43.2 9.9 1.25 0.77 41.4 10.8 1.28 0.74 U No A

71 M 2.6 No 8 37 W 3 D AGA Nil 34.1 7.2 1.46 0.79 35 8.1 1.43 0.77 36.5 7.7 1.49 0.79 40.9 11.9 1.49 0.71 U No A

72 F 2.4 Yes 9 35 W AGA Nil 44.2 14.6 1.16 0.67 43.9 16.7 1.16 0.62 47.6 15.7 1.16 0.67 51.1 17.4 0.98 0.66 U No A

73 M 2.9 No 7 38 W 4 D AGA Nil 26.5 8.2 1.25 0.69 28.5 10 1.26 0.65 31.5 9.8 1.25 0.69 34.7 8.3 1.23 0.76 U No A

74 M 2.6 No 10 36 W AGA Nil 36.1 8.7 0.95 0.76 37.1 8.5 0.99 0.77 38.1 9.1 1.28 0.76 43.3 10 0.8 0.77 U No A

75 M 3 No 8 39 W AGA Nil 41.4 13.2 1.33 0.68 48.6 15.6 1.25 0.68 49.2 15.7 1.38 0.68 53.3 10.7 1.3 0.8 U No A

76 M 2.5 No 10 34 W 3 D AGA Nil 31.6 7.6 1.43 0.76 30.6 7.7 1.38 0.75 27.5 6.6 1.43 0.76 29.9 7.8 1.23 0.74 U No A

77 F 3 No 8 39 W AGA Nil 28.6 10 1.14 0.65 31.2 8.7 1.03 0.72 35 10.5 1.14 0.7 37.6 12.8 1.11 0.66 U No A

78 F 2 Yes 9 35 W 1 D AGA Nil 26.6 8.8 1.18 0.67 30.6 9.5 1.09 0.69 32 10.6 1.18 0.67 34.4 9.6 1.36 0.72 U No A

79 M 2.6 No 10 37 W 5 D AGA Nil 31.9 8 1.35 0.75 33.4 7.3 1.38 0.78 35.4 8.9 1.36 0.75 38.6 9.7 1.38 0.75 U No A

80 F 2.6 No 7 34 W 3 D AGA Nil 35.6 11.7 1.16 0.67 37.5 10.5 1.16 0.72 42.5 11.9 1.16 0.72 38.8 12 1.46 0.69 U No A

81 M 2.7 No 7 37 W 4 D AGA Nil 28.8 11.5 1.35 0.6 28.8 11.8 1.33 0.59 28.2 11.6 1.36 0.59 31.8 14.6 1.3 0.54 U No A

82 M 2.3 Yes 8 36 W 2 D AGA Nil 34.9 10.5 1.09 0.7 34.9 10.1 1.26 0.71 37.2 10.4 1.21 0.72 40.1 8 1.11 0.8 U No A

83 F 1.8 Yes 7 32 W AGA Nil 26.4 6.6 1.14 0.75 28.4 6.8 1.18 0.76 29.2 7.3 1.13 0.75 32.2 6.8 1.26 0.79 U No A

84 M 2.3 Yes 10 39 W 2 D AGA Nil 37.5 12.4 1.33 0.67 37.5 11.3 1.41 0.7 35.2 10.9 1.33 0.69 44.8 13.4 1.33 0.7 U No A

85 F 3.1 No 9 35 W 6 D AGA Nil 33.2 8.3 1.14 0.75 35.2 8.4 1.26 0.76 33.5 8 1.26 0.76 39.3 8.6 1.19 0.78 U No A

86 M 1.8 Yes 9 32 W 2D AGA Nil 32.4 11 0.99 0.66 37.4 10.8 0.97 0.71 39.1 9.8 0.96 0.75 43.4 11.7 0.87 0.73 U No A

87 M 2.9 No 10 35 W 2 D AGA Nil 25.6 7.7 1.2 0.7 25.6 7.7 1.23 0.7 26.5 7.2 1.26 0.73 42.9 9.9 1.46 0.77 U No A

88 F 2.4 Yes 8 37 W AGA Nil 28.1 9.6 1.33 0.66 28.1 9 1.36 0.68 31.8 9.9 1.33 0.69 49.2 12.8 1.43 0.74 U No A

89 M 2.9 No 10 34 W 3 D AGA Nil 27.4 9.6 1.14 0.65 30.4 10.3 1.2 0.66 34.2 12 1.18 0.65 36.8 7 1.21 0.81 U No A

90 M 2.4 Yes 10 34 W 3 D AGA Nil 31.8 12.1 1.33 0.62 32.4 12.6 1.36 0.61 35.5 14.2 1.36 0.6 32.6 13.7 1.41 0.58 U No A

91 F 3.2 No 9 38 W 5 D AGA Nil 37.6 10.5 1.12 0.72 39.6 11.5 1.23 0.71 44.2 12.4 1.33 0.72 46.3 13.4 1.28 0.71 U No A

92 F 2.5 No 7 35 W 1 D AGA Nil 33.77 10.86 1.21 0.68 25.6 6.9 1.21 0.73 37.25 11.5 1.28 0.69 40.31 12.12 1.38 0.7 U No A

93 F 3 No 10 38 W 4 D AGA Nil 28.1 9 1.11 0.68 29.9 10.8 1.16 0.64 31.8 11.4 1.18 0.64 49.2 10.8 1.3 0.78 U No A

94 M 2.2 Yes 8 34 W 3 D AGA Nil 27.4 9.6 1.09 0.65 25.4 8.6 1.12 0.66 30.2 10.6 1.09 0.65 38.8 15.5 1.49 0.6 C Yes A

95 F 2.6 No 9 35 W 4 D AGA Nil 32.8 7.3 1.03 0.77 30.4 8.5 1.01 0.72 44 12.3 0.99 0.72 32.6 10.1 0.95 0.69 U No A

96 F 2.4 Yes 10 37W 5 D AGA Nil 37.6 10.5 1.26 0.72 39.6 11.5 1.23 0.71 46.2 12.9 1.25 0.72 46.3 13 1.23 0.72 U No A

 


