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BACKGROUND: Preterm infants are at enhanced risk of brain injury due to altered cerebral haemodynamics during postnatal
transition. This observational study aimed to assess the clinical determinants of transitional cerebrovascular reactivity and its
association with intraventricular haemorrhage (IVH).
METHODS: Preterm infants <32 weeks underwent continuous monitoring of cerebral oxygenation and heart rate over the first 72 h
after birth. Serial cranial and cardiac ultrasound assessments were performed to evaluate the ductal status and to diagnose IVH
onset. The moving correlation coefficient between cerebral oxygenation and heart rate (TOHRx) was calculated. Linear mixed-effect
models were used to analyse the impact of relevant clinical variables on TOHRx. The association between TOHRx and IVH
development was also assessed.
RESULTS: Seventy-seven infants were included. A haemodynamically significant patent ductus arteriosus (hsPDA) (β= 0.044, 95%
CI: 0.007–0.081) and ongoing dopamine treatment (β= 0.096, 95% CI: 0.032–0.159) were associated with increasing TOHRx,
indicating impaired cerebrovascular reactivity. A significant association between TOHRx, mean arterial blood pressure (β=−0.004,
95% CI: −0.007, −0.001) and CRIB-II score (β= 0.007, 95% CI: 0.001–0.015) was also observed. TOHRx was significantly higher in
infants developing high-grade IVH compared to those without IVH.
CONCLUSIONS: Dopamine treatment, low blood pressure, hsPDA and high CRIB-II are associated with impaired cerebrovascular
reactivity during postnatal transition, with potential implications on IVH development.
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IMPACT:

● The correlation coefficient between cerebral oxygenation and heart rate (TOHRx) provides a non-invasive estimation of
cerebrovascular reactivity, whose failure has a potential pathogenic role in the development of IVH in preterm infants.

● This study shows that cerebrovascular reactivity during the transitional period improves over time and is affected by specific
clinical and therapeutic factors, whose knowledge could support the development of individualized neuroprotective strategies
in at-risk preterm infants.

● The evidence of increased TOHRx in infants developing high-grade compared to low-grade or no IVH during the transitional
period further supports the role of impaired cerebrovascular reactivity in IVH pathophysiology.

INTRODUCTION
The first 72 h after premature birth represent a critical phase of
haemodynamic adaptation to extrauterine life and is characterized
by an enhanced risk of brain injury.1–3 The autoregulation of
cerebral blood flow (CBF) is a physiological mechanism aimed at
maintaining stable cerebral perfusion despite fluctuating blood
pressure.4 The failure of the preterm cerebral vasculature to
maintain uniform CBF over a range of systemic blood pressure
results in a pressure-passive circulation,4,5 which has been
implicated in the development of intraventricular haemorrhage
(IVH).6,7 A deeper understanding of cerebrovascular determinants

within the transitional phase may support the development of
individualized approaches aimed at preventing harmful fluctua-
tions of CBF in this vulnerable population.
Cerebral oxygenation (cTOI), measured by near-infrared spec-

troscopy, has been largely used as a surrogate for dynamic CBF
monitoring in the neonatal population.8 The correlation between
mean arterial blood pressure (MABP) and cTOI is primarily used to
investigate cerebral autoregulation;8,9 this method, however,
requires invasive arterial blood pressure monitoring, which may
not be feasible or practical in several neonatal care settings. Due
to their immature myocardial function, preterm infants are more
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dependent on increasing their heart rate (HR) in order to increase
cardiac output and blood pressure; hence, the correlation
coefficient between cTOI and HR (TOHRx) has been assessed as
a non-invasive measure of cerebrovascular reactivity.3,10–12

This study aimed to assess the main determinants of
cerebrovascular reactivity, measured non-invasively in very pre-
term infants during postnatal transition, and to evaluate its
patterns in relation to IVH development.

METHODS
Study population and ethics
Infants <32 weeks’ gestation admitted to the Neonatal Intensive Care Unit
of Sant’Orsola-Malpighi Hospital (Bologna, Italy) between February 2018
and January 2022 were consecutively enrolled in this observational
prospective study. The main exclusion criteria were genetic abnormalities,
major congenital malformations and conditions that may influence cTOI,
such as severe anaemia (defined as haematocrit <30%) or persistent
pulmonary hypertension requiring inhaled nitric oxide.
This study was conducted in conformity with principles and regulations

of the Helsinki Declaration. The study protocol was approved by the Ethics
Committee of Sant’Orsola-Malpighi Hospital, Bologna, Italy. Written
informed consent was obtained from the infants’ parents/legal guardians.

Cerebrovascular reactivity monitoring
Continuous monitoring of cTOI was performed using a NIRO-200NX
oximeter (Hamamatsu Phototonics, Japan) sampling at 1-Hz, with
disposable neonatal sensors placed on the forehead. HR was simulta-
neously monitored with a pulse oximeter Masimo Radical-7 (Masimo
Corporation, Irvine, CA), whose averaging time was set at 2 s.
Monitoring started within 12 h after birth and continued up to 72 h

after birth. Using an RS232 cable, the monitoring devices were
connected to a laptop running ICM+® (https://icmplus.neurosurg.cam.
ac.uk, Cambridge Enterprise, UK), a software tool that allows real-time
synchronized recording of cTOI and HR for the whole monitoring period
and includes a calculation engine for TOHRx computation.13 After the
recording, the ICM+ traces were visually inspected; time periods
showing signal noise or interruptions or periods of handling, care or
invasive procedures were considered as likely artefactual and excluded
from the computation. Artefact removal was blinded to IVH status.
TOHRx was calculated as the moving correlation coefficient between 10-
s averaged cTOI and HR values using 5-min time windows (Fig. 1), as
previously described.11 Since TOHRx indicates the correlation gradient
between slow waves of HR and cTOI, it is assumed that positive TOHRx
values indicate impaired cerebrovascular reactivity, whereas zero or
negative values reflect a reactive circulation.3,11 During the monitoring
period, systolic, diastolic and mean blood pressure was measured at
regular intervals (i.e. from every 30-min to 6 hourly) by the oscillometric
technique. Both TOHRx and MABP measurements were averaged over
each day of life.

Ultrasound assessments
Ultrasound assessments were performed using a portable ultrasound
machine (Cx50, Philips Healthcare, Eindhoven, Netherlands); the operators
performing ultrasound scans were blinded to TOHRx results. Cranial
ultrasound scans (CrUSS) were obtained with a convex 8–5MHz transducer
through the anterior and mastoid fontanelles to exclude major brain
abnormalities and to detect IVH development as well as its severity,
classified according to Volpe’s grading.14 CrUSS were performed at
enrolment and repeated every 6–12 h if an incipient IVH was noted,
otherwise it was performed 12–24 hourly.
Echocardiograms were performed using a linear 12-MHz probe, with the

aim of excluding congenital defects and evaluating cardiac function, left
ventricular output (LVO) and the ductal status. The first assessment was
performed at the enrolment and repeated every 6–12 h in the presence of
a patent ductus arteriosus (PDA), or 12–24 hourly if there was no evidence
of PDA.
LVO was calculated according to the formula [(left ventricular outflow

velocity time integral [VTI]) × (HR) × (left ventricular outflow cross-sectional
area)] and indexed to body weight.15 The left ventricular outflow diameter
was measured from the parasternal long axis view using the leading-edge
technique, whereas VTI was estimated sampling the left ventricular outflow
tract from an apical five-chamber view with pulse-waved Doppler, applying
the angle correction as appropriate to optimize LVO calculation.
The PDA diameter was measured from the high parasternal view at the

point of maximum constriction, caring to avoid colour-Doppler interference
outside the vessel wall. The transductal flow pattern was evaluated from the
parasternal short axis using continuous-wave Doppler and, based on the ratio
of end-diastolic to peak-systolic velocity, defined as pulsatile (≥0.5) or
restrictive (<0.5).16 The left atrium-to-aortic root (LA:Ao) ratio was measured
on M-Mode scans from the parasternal long-axis view. In the presence of a
PDA, the flow velocity in the anterior cerebral artery (ACA) and in the
descending aorta was measured using pulsed-wave Doppler from the median
sagittal view and from the low subcostal sagittal view, respectively. Based on
these echocardiographic features, the PDA was defined as haemodynamically
significant (hsPDA) in the presence of pulsatile shunt pattern, LA:Ao ratio ≥1.5,
PDA diameter ≥1.5mm/kg and/or evidence of reversed end-diastolic flow in
the descending aorta and/or ACA.17

Clinical and therapeutic data collection
For each infant, the following data were collected:

● Antenatal and perinatal: corticosteroids administration (complete
course vs. incomplete course or not given); gestational age (GA);
Apgar score at 1 and 5min; birth weight <10th percentile (small for
gestational age (SGA)); Clinical Risk Index for Babies II (CRIB-II) score.18

● Postnatal (0–72 h): daily MABP and haemoglobin; daily ductal status
(hsPDA vs. restrictive or closed duct); daily ongoing respiratory support
(invasive vs. non-invasive ventilation or self-ventilating in air); daily
ongoing cardiovascular drugs (dopamine and/or dobutamine), related
dosage and treatment duration; occurrence of prematurity-related
complications (i.e. IVH or other brain lesions, sepsis, necrotizing
enterocolitis, etc.).
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Fig. 1 ICM+ screenshot illustrating the calculation of the moving correlation coefficient (R) between cerebral oxygenation (cTOI) and the
heart rate (HR), defined as TOHRx.
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Statistical analysis
Data distribution was evaluated using the Shapiro–Wilk test. Continuous
variables were expressed as median (interquartile range [IQR]) or mean
(standard deviation) as appropriate; categorical variables were summarized
as frequencies and percentages.
Since TOHRx values followed a normal distribution, differences between

day 1, 2 and 3 were evaluated using repeated-measures analysis of
variance with Bonferroni adjustment for multiple comparisons.
The univariate effect on TOHRx values of GA, antenatal steroids

administration, SGA, CRIB-II score, ductal and ventilatory status, ongoing
dopamine or dobutamine and MABP was evaluated using repeated-
measures linear mixed-effects models (LMM), which accounted for the
trend of TOHRx values over time (day 1, day 2 and day 3) for each subject.
The effects investigated were the time trend of TOHRx values regardless of

the independent variables and the mean effect of the independent
variables. The independent variables were chosen due to their known
physiological effects on neonatal haemodynamics, autonomic or cerebro-
vascular reactivity.11,19–21 Those variables whose status changed over the
study period (e.g. MABP, administration of cardiovascular drugs, ductal
status, mode of respiratory support) were handled as time-dependent
covariates; this means that the daily status of each of these variables was
included in the LMM and therefore associated with the related daily-
averaged TOHRx values.
Statistically significant variables from univariate analyses were included

in a multiple repeated-measures LMM; the variance inflation factor (VIF)
was used to assess multicollinearity between the model terms. A VIF <5
indicates a low correlation of that predictor with other predictors, a value
between 5 and 10 indicates a moderate correlation, while VIF values >10
are a sign for high, not tolerable correlation of model predictors. Since no
assumptions were made on within‐subject variability, the unstructured
variance–covariance matrix was chosen to allow unequal variances and
unequal correlations between response variables among time points for all
patients. In LMMs, this matrix controls for the type 1 error rate for multiple
comparisons, regardless of the true covariance structure.22 A sensitivity
analysis excluding infants with a GA ≥ 28 weeks was also performed.
Due to the small size of the low- and high-grade IVH groups, the TOHRx

distribution in relation to IVH severity on each day of life was evaluated
using Kruskal–Wallis test, while median of differences between TOHRx
values before and after IVH detection were compared within the IVH group
using Wilcoxon signed-rank test.
Statistical analyses were performed using the SPSS software, version 26

(IBM Corp. Released 2019. IBM SPSS Statistics for Windows, Armonk, NY:
IBM Corp). Significance level was set at p < 0.05.

RESULTS
A total of 77 infants were included in the study (Fig. 2); the
neonatal characteristics of this population are detailed in Table 1.
During the study period, 16 out of 72 infants developed IVH, of
which 11 were of low grade (grade I, n= 6; grade II, n= 5) and 5
were of high grade (grade III, n= 4; grade III with periventricular
venous infarction, n= 1); the median age at IVH detection was 36
(IQR 24–50) hours. None of the infants died or developed sepsis or
necrotizing enterocolitis during the first 72 h after birth.
Daily clinical and haemodynamic features of the study infants

are shown in Table 2. Dobutamine was administered in the
presence of hypotension (defined as a MABP < GA associated
with any of the following: steady tachycardia, capillary refill time
>3 s, decreased urine output or metabolic acidosis)23 and/or
echocardiographic evidence of impaired cardiac contractility,
whereas dopamine was commenced in hypotensive infants
without evidence of impaired cardiac contractility or who did
not respond to dobutamine and/or fluid expansion. The starting
dosage of dopamine and dobutamine was 5mcg/kg/min; two of

Assessed for eligibility (GA <32 weeks)
n = 97

Excluded: n = 20

Congenital heart disease: n = 7•

•

•

•

•

Pulmonary hypertension requiring inhaled nitric oxygen: n = 2

Severe anaemia: n = 2

Consent not obtained within 12 h: n = 4

Major congenital malformations and/or antenatal diagnosis of
genetic abnormalities: n = 5

Enrolled: n = 77

Fig. 2 Flow chart of the study phases.

Table 1. Antenatal and perinatal characteristics of the study
population.

Antenatal and perinatal characteristics (n= 77)

Gestational age (weeks), median (interquartile
range [IQR])

29 (26.1–31)

Extremely low gestational age (<28 weeks),
n (%)

34 (44.2)

Birth weight (g), median (IQR) 1042 (830–1343)

Extremely low birth weight (<1000 g), n (%) 34 (44.2)

Apgar score, median (IQR)

1 min 6 (5–8)

5 min 9 (8–9)

Antenatal steroids, n (%)

Complete course 55 (71.5)

Incomplete course or not given 22 (28.6)

Intrauterine growth restriction, n (%) 11 (14.3)

Delivery mode (C-section), n (%) 64 (83.1)

Sex (males), n (%) 35 (45.5)

Twinhood, n (%) 19 (24.7)

Clinical Risk Index for Babies (CRIB II) score,
median (IQR)

8 (5–12)

Level I (CRIB II 1–5), n (%) 25 (32.5)

Level II (CRIB II 6–10), n (%) 25 (32.5)

Level III (CRIB II 11–15, n (%) 25 (32.5)

Level IV (CRIB II >15), n (%) 2 (2.5)
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the treated infants required higher dopamine or dobutamine
doses (6 and 7mcg/kg/min, respectively). Based on the ther-
apeutic response, dopamine was tapered to 3mcg/kg/min before
discontinuation. No infant received other cardiovascular drugs or
hydrocortisone during the study period.
Periods with artefactual or interrupted cTOI or HR signals that

have been excluded from TOHRx computation were <10% of the
total monitoring duration for all the infants included.
TOHRx significantly decreased over the first 72 h, with a mean

difference of 0.093 (p < 0.001) between day 1 and day 3 (Fig. 3).
This decreasing trend was confirmed significant even after the
adjustment for time-dependent covariates at the multiple LMM
(see Table 3).
Univariate analysis revealed significantly higher TOHRx values in

the presence of a hsPDA (β= 0.098 [95% CI 0.062; 0.133], p <
0.001) compared to a restrictive or closed PDA, in invasively
ventilated infants (β= 0.134 [95% CI 0.083; 0.185], p < 0.001) and
during treatment with dopamine (β= 0.164 [95% CI 0.103; 0.225],
p < 0.001) and dobutamine (β= 0.123 [95% CI 0.072; 0.175], p <
0.001). A significant, positive correlation between TOHRx and CRIB-
II score (β= 0.017, [95% CI 0.012; 0.023], p < 0.001) was also
observed, while an inverse correlation was noted with GA (weeks,

β=−0.026 [95% CI −0.035; −0.016], p < 0.001) and MABP (mmHg,
β=−0.010 [95% CI −0.012; −0.006], p < 0.001). No association
was found between antenatal steroids, SGA and TOHRx.
The results of the multiple LMM, which included statistically

significant variables from the univariate analyses, are detailed in
Table 3. Given the high collinearity between CRIB-II score and GA,
which itself is part of the score computation, this latter variable
was excluded from the model; no multicollinearity issues were
found among the other covariates since all VIF values were <5.
Ongoing dopamine treatment (β= 0.096, p= 0.003) and the
presence of a hsPDA (β= 0.043, p= 0.021) were independently
associated with increased TOHRx values. The relationship between
TOHRx and MABP (mmHg, β=−0.004, p= 0.047) and with CRIB-II
score (β= 0.007, p= 0.044) were also confirmed significant.
Except for the correlation with MABP, all the above results were

confirmed at the sensitivity analysis on extremely preterm infants
(GA < 28 weeks, n= 34), which showed even stronger associations
between increasing TOHRx, CRIB-II, hsPDA and dopamine treat-
ment (see Supplementary Table).
Daily TOHRx values in relation to IVH development were also

evaluated. As shown in Fig. 4, TOHRx values were significantly
higher in high-grade IVH infants compared to controls on day 1
(Kruskal–Wallis’ H= 31.95, p= 0.005), day 2 (H= 31.33, p= 0.008)
and day 3 (H= 31.54, p= 0.007). A significant difference between
the low- and high-grade IVH groups, with higher TOHRx values in
the latter group, was also observed on day 3 (H= 30.90, p=
0.031). In infants who developed IVH during the monitoring
period, the median TOHRx values preceding IVH detection were
significantly higher than those following IVH detection (Wilcoxon
signed-rank test= 21.0, p= 0.015).

DISCUSSION
The results of this study support the feasibility and the potential of
continuous non-invasive measurement of cerebrovascular reactiv-
ity in preterm infants in the first 72 h after birth and have
identified a pool of antenatal, perinatal and postnatal exposures
that are associated with an altered cerebrovascular reactivity and
may play an important role in the development of several
prematurity-related complications;24 the present study builds on
this ‘exposome’ concept by evaluating the impact of specific
factors and treatments on transitional cerebrovascular reactivity in
preterm infants.
Based on the dependency of cardiac output upon HR, TOHRx

provides a non-invasive estimation of cerebrovascular reactivity,
with more positive values reflecting an increased correlation
between HR and cTOI and as such suggesting defective
mechanism of CBF stabilization. This parameter has been
previously investigated in preterm neonates, showing increased

Table 2. Clinical and haemodynamic features of the study population
(n= 77) during the monitoring period.

Monitoring period
(hours of life)

0–24 h 24–48 h 48–72 h

Weight (g), median
(interquartile
range [IQR])

1067 (817–1338) 992

(770–1297) 945 (722–1245)

Haemoglobin (g/dl),
median (IQR)

15.6 (14.5–16.9) 15.1

(13.6–16.7) 14.7 (12.9–16.6)

Cerebral oxygenation
(%), median (IQR)

76.2 (71.1–78.9) 77.6

(73.8–80.5) 76.1 (72.2–79.1)

Heart rate (bpm),
median (IQR)

141
(135–151)

143
(136–155)

145
(139–152)

Left ventricular output
(ml/kg/min),
median (IQR)

265
(230–320)

310
(260–320)

308
(250–320)

Blood pressure (mmHg), median (IQR)

Systolic 46 (43–50) 51 (47–54) 50 (47–55)

Diastolic 25 (21–28) 29 (25–32) 28 (25–31)

Mean 33 (31–37) 38 (34–42) 37 (35–41)

Status of ductus arteriosus, n (%)

Haemodynamically
significant

50 (65) 29 (38.7) 19 (24.6)

Restrictive 19 (24.6) 19 (24.6) 9 (11.8)

Closed 8 (10.4) 29 (38.7) 49 (63.6)

Respiratory support, n (%)

Mechanical
ventilation

24 (31.2) 23 (29.9) 22 (28.6)

Continuous or bilevel
positive airway
pressure

52 (67.5) 50 (64.9) 44 (57.1)

Nasal cannulas or self-
ventilating in air

1 (1.3) 4 (5.2) 11 (14.3)

Ongoing cardiovascular drugs, n (%)

Dopamine 14 (18.2) 12 (15.6) 13 (16.9)

Dobutamine 22 (28.6) 21 (27.3) 18 (23.4)

0.50

0.25

0

TO
H

R
x

–0.25

–0.50

0–24 h 24–48 h 48–72 h

Fig. 3 Trend patterns of TOHRx during the first 72 h of life. The
central line in the boxplot is the median, the box margins are the
25th and 75th percentiles, and the whiskers represent the range.
Significant pairwise comparisons (repeated-measures ANOVA with
Bonferroni adjustment) are highlighted as follows: *p < 0.001.
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values in infants with worse CRIB-II scores, during arterial
hypotension or who developed IVH.10,11,25 TOHRx has also been
used to define MABP levels at which cerebrovascular reactivity
was most preserved (i.e. associated with the most negative TOHRx
values) during the transitional period.10,12

We observed a significant TOHRx shift towards more negative
values during the first 72 h of life, indicating a progressive
improvement of cerebrovascular reactivity. This finding, which was
confirmed after the adjustment for several clinical covariates and
appeared even more marked at the sensitivity analysis performed
on the extremely preterm subgroup, is consistent with previous

evidence obtained using MABP–cTOI correlation indexes26 and
may reflect the gradual haemodynamic stabilization that accom-
panies the completion of postnatal cardiovascular transition.
Our results have shown that the presence of a hsPDA was

associated with a greater impairment of cerebrovascular reactivity.
Notably, this association was even more significant when
evaluated in the subgroup of infants <28 weeks’ gestation, which
are at highest risk for hsPDA persistence and for the development
of prematurity-related neurological complications. The haemody-
namic consequences of a hsPDA are mainly due to the transductal
diastolic run-off of systemic blood flow towards the lower
pulmonary vascular resistance circuit. A substantial increase in
cardiac output is subsequently required to guarantee adequate
end-organ perfusion.27 The functional immaturity of the preterm
myocardium, however, limits the ability to compensate for the
hypoperfusion of major systemic vessels, including the cerebral
arteries.28–30 Our finding suggests that the PDA-related haemo-
dynamic disturbances may reduce cerebral perfusion pressure
below the lower autoregulation limit, thus increasing the risk
of cerebral pressure passivity.
Dopamine is often used in the management of hypotensive

neonates; its vasopressor effects lie in a dose-dependent
stimulation of the alpha-adrenergic, beta-adrenergic and dopami-
nergic receptors and in its serotoninergic actions.31 The role of
dopamine on neonatal cerebral autoregulation is still controver-
sial: while dysfunctional autoregulation had been previously
reported in treated preterm infants,32–34 conflicting results have
been observed in animal models,35 and recent data on small
neonatal subgroups has not clarified this point further.36,37 We
observed an independent positive association between ongoing
dopamine treatment and TOHRx; although this finding requires
further validation on larger samples and with higher titrations, it
suggests that the vascular effects of dopamine may contribute to
alter CBF regulation. Since the indication for dopamine treatment

Table 3. Results of the multivariate linear mixed-effect model investigating the independent impact of the variables that showed significant effects
on TOHRx at the univariate analysis.

Variables B Std. error 95% CI p value VIF

Intercept −0.021 0.077 [−0.173; 0.132] 0.787 —

Mean arterial blood pressure −0.004 0.002 [−0.007; −0.001] 0.047 1.980

CRIB II score 0.007 0.004 [0.001; 0.015] 0.044 2.242

Status of ductus arteriosus

Haemodynamically significant 0.044 0.019 [0.007; 0.081] 0.021 1.428

Restrictive or closed (ref.) — — —

Respiratory support

Invasive ventilation 0.012 0.031 [−0.050; 0.073] 0.712 2.127

Non-invasive ventilation (ref.) — — —

Dopamine

Ongoing 0.096 0.032 [0.032; 0.159] 0.003 1.489

Not ongoing (ref.) — — —

Dobutamine

Ongoing 0.021 0.027 [−0.033; 0.074] 0.443 1.690

Not ongoing (ref.) — — —

Days of life

Day 1 0.053 0.023 [0.006; 0.099] 0.026

Day 2 0.042 0.015 [0.012; 0.071] 0.006

Day 3 (ref.) — — — 1.488

Significant p values are highlighted in bold.
Values of variance inflation factors (VIF) are highlighted in italics.
CI confidence interval, VIF variance inflation factor, CRIB II Clinical Risk Index for Babies II, ref. reference category.

0.50 High-grade IVH
Low-grade IVH
No IVH

0.25

0

TO
H

R
x

–0.25

–0.50
0–24 h 24–48 h 48–72 h

Fig. 4 Trend patterns of TOHRx during the first 72 h of life in
infants who developed low-grade intraventricular haemorrhage
(IVH), high-grade IVH and controls without IVH. The central line in
the boxplot is the median, the box margins are the 25th and 75th
percentiles, and the whiskers represent the range. The black triangle
indicates the median age at IVH detection. Significant pairwise
comparisons are highlighted as follows: **p= 0.005; †p= 0.008; ‡p=
0.007; *p= 0.031.
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is hypotension itself, establishing the individual role of these two
factors on cerebrovascular reactivity remains a challenging issue;
in the present study, however, the impact of dopamine was
confirmed even after the adjustment for daily-averaged MABP,
which, in turn, showed an inverse, independent relationship with
TOHRx. Since low blood pressure may cause a decrease in cerebral
perfusion pressure below the autoregulation range, this finding
reflects the expected physiology and is consistent with previous
data based on continuous MABP monitoring,9 indicating that in
preterm infants the baseline MABP may lie closer to the lower limit
of cerebral autoregulation. It has been estimated that up to 20% of
very-low-birth-weight infants experience phases of low blood
pressure during the first 48 h of life, as a consequence of
circulatory maladaptation.23 Given the inverse correlation
between MABP and TOHRx, we speculate that the improvement
in cerebrovascular reactivity may mirror the progressive MABP
increase observed during this period.
CRIB-II score is a weighted average of GA, birth weight, base

excess at birth and admission temperature.18 This score, which
is a strong early predictor for the mortality risk in preterm
infants, was positively associated with cerebrovascular reactivity
at both univariate and multivariate analysis. Similar results,
based either on TOHRx11 or on advanced cross-spectral analyses
correlating MABP and cTOI,38,39 have been previously reported,
suggesting that an increased cerebral pressure passivity may
contribute to the poorer clinical outcomes associated with
increasing scores.
The pathogenic potential of impaired cerebral autoregulation

on IVH development has been previously investigated using
different correlation indices, leading to heterogeneous
results.3,6,12,25,26 In this study, we observed significantly increased
TOHRx values in infants who developed high-grade IVH compared
to no IVH throughout the whole transitional period. Moreover,
within the IVH population, we also observed significantly higher
TOHRx prior to the bleeding onset, consistently with previous data
comparing IVH infants with time-matched controls.25 With the
limitation of the small sample sizes of the IVH groups, these results
are consistent with previous evidence supporting the association
between impaired cerebrovascular reactivity and IVH pathophy-
siology.6,26,40 However, given the limited number of IVH infants
and especially of those with severe IVH, the present results need
further investigation on larger samples to better clarify the
relationship between TOHRx, its clinical determinants and IVH and
to investigate whether TOHRx changes in relation to IVH
occurrence may differ upon IVH severity.
The unavailability of a simultaneous invasive blood pressure

monitoring also needs to be acknowledged among the study
limitations, as it would have allowed a comparison of the observed
TOHRx values against indices of cerebral pressure-passivity
derived from continuous MABP monitoring.8 Although arterial
catheterization is the gold-standard technique for blood pressure
measurement, it is not exempt from complications and a tendence
towards less invasive approaches, including a decreased use of
arterial lines, is being increasingly adopted in neonatal set-
tings.41,42 Hence, one of the most important advantages in using
TOHRx as a surrogate metric for cerebrovascular reactivity is that it
can be determined in a strictly non-invasive manner and using
largely available devices.
Daily TOHRx averages, matched with concomitant clinical data,

were used for statistical analysis. The averaged values were
calculated from several thousand data obtained over 24-h epochs,
thus minimizing a possible ceiling effect. On the other hand, the
adopted averaging periods may have smoothed the physiological
variability of cerebrovascular reactivity. However, since TOHRx cut-
off values to define an impaired reactivity have not been validated
on large neonatal cohorts or against invasive autoregulatory
indices, we chose to handle TOHRx as a continuous variable rather

than adopting predefined thresholds to calculate the magnitude
or the duration of the impairment.
It is possible that some of the conditions significantly associated

with an increased TOHRx may primarily shift the HR baseline
towards higher ranges (e.g. hsPDA) or decrease cTOI levels (e.g.
mechanical ventilation), with possible effects on the observed
results. However, TOHRx is a moving correlation coefficient
between HR and cTOI and, as such, is not influenced by the
absolute baseline values of these parameters but rather reflects
the mutual direction of their changes.
Our data highlight the feasibility of non-invasive, continuous

monitoring of cerebrovascular reactivity in the preterm population
and indicate that lowered blood pressure, the presence of a
hsPDA and dopamine treatment may be associated with an
impairment of this mechanism during the transitional period.
These findings support the potential of TOHRx as a marker for the
haemodynamic relationship existing between systemic blood flow
and CBF, consistently with the physiological rationale underlying
this parameter.
The validation of TOHRx as a non-invasive marker of

cerebrovascular reactivity in further larger trials and in specific
high-risk conditions, such as extremely low GAs, may aid
promoting its use to identify neonates at high neurological risk
and to develop individualized neuroprotective strategies.
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