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Abstract 

During infancy, rapid brain circuit maturational processes are supported by dynamic changes of 

regional cerebral blood flow (rCBF) to meet metabolic demands and enable functional emergence. 

However, the 4D spatiotemporal rCBF dynamics and mechanism of functional network 

emergence in infant brain are not known. Here, cutting-edge multi-modal MRI was conducted on 

forty-eight infants aged 0 to 24 months. With pseudo-continuous arterial-spin-labeled perfusion 

MRI of infants, heterogeneous age-related increases of rCBF were found across multiple vital 

functional network brain regions. Resting-state functional MRI revealed the characteristic default-

mode network (DMN) emergence in infant brain. The rCBF increase rate is significantly higher in 

the DMN regions than in the reference primary sensorimotor network regions. Coupled increases 

of rCBF and functional connectivity specifically in the DMN were found with correlation analysis 

and were further confirmed by data-driven permutation tests. The 4D infant rCBF maps can be 

used as a quantified standard reference for assessing brain physiology in typically or atypically 

developmental infants. These findings from multi-modal infant MRI not only offer refreshing 

insights into mechanism of DMN emergence driven by higher metabolic expenditure 

operationalized by higher local blood supply in infant brain, but also have important implications 

in altered network maturation in brain disorders. 
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Significance 

Human infancy is characterized by rapid brain circuit maturation including default-mode network 

(DMN) emergence. However, the physiological underpinning of DMN emergence is unknown. 

Here, we established a quantified standard reference of infant regional cerebral blood flow maps 

and found regional cerebral blood flow increases faster in the DMN than primary sensorimotor 

network regions during infancy. We also found strongly coupled increases of regional cerebral 

blood flow and network strength specifically in the DMN, suggesting emergence of the DMN is 

supported by faster local blood flow increase meeting extra neuronal metabolic demands for brain 

circuit maturation. These results shed light on fundamental mechanism of brain network 

emergence and have important implications in altered network maturation in brain disorders. 
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Introduction 

The adult human brain receives 15-20% of cardiac output despite only representing 2% 

of body mass (1, 2). In the developmental cerebral cortex, dynamic cellular and molecular 

processes including neurogenesis and neuronal migration (3, 4), synaptic formation (5), dendritic 

arborization (6, 7), axonal growth (8, 9) and myelination (10, 11) are associated with a much 

higher fraction of cardiac output (12,13) fueling the brain. Infancy is the most dynamic phase of 

brain development across entire lifespan. As an example, during infancy the brain size increases 

dramatically in parallel with rapid elaboration of new synapses, reaching 80-90% of lifetime 

maximum by age of year 2 (14, 15). Brain development in infancy is characterized by significant 

and dramatic age-related cerebral blood flow (CBF) increases after accounting for brain volume 

(16). Structural and functional changes of developmental brain are underlaid by rapid cellular and 

molecular processes precisely following a regulated spatiotemporal sequence (17-21), resulting 

in differential brain system maturation (22-25) following the order from primary sensorimotor to 

higher-order cognitive systems.  

Blood perfusion of infant brain physiologically underpins functional development. Vital 

oxygen delivery through cerebral blood flow supports functional emergence during infancy by 

meeting its metabolic needs. Regional brain metabolism, including glucose utilization and oxygen 

consumption, is closely coupled to regional CBF (rCBF) that delivers the glucose and oxygen 

needed to sustain metabolic needs (26, 27). Infant rCBF has been conventionally measured with 

positron emission tomography (PET) (28, 29) and single-photon emission computerized 

tomography (SPECT) (30) methods which are not applicable to infants due to the associated 

exposure to radioactive tracers. By labeling the blood in internal carotid and vertebral arteries in 

neck and measuring downstream labeled arterial blood in brain, arterial-spin-labeled (ASL) (31, 

32) perfusion MRI provides a method for noninvasive quantifying rCBF without requiring 

radioactive tracers or exogenous contrast agents. Accordingly, ASL is especially suitable for rCBF 
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measurements of infants (33, 34) and children (2, 35). Phase-contrast (PC) MRI, utilizing the 

phase shift proportional to velocity of the blood spins, has also been used to measure global CBF 

of the entire brain (16). Through integration of pseudo-continuous ASL (pCASL) and PC MRI, 

rCBF measured from pCASL can be calibrated by global CBF from PC MRI for more accurate 

infant brain rCBF measurement (33, 36). With rCBF closely related to regional cerebral metabolic 

rate of oxygen (CMRO2) and glucose (CMRGlu) at the resting state in human brain (27, 37-39), 

rCBF could be used as a surrogate measure of local cerebral metabolic level for resting infant 

brains. 

The default-mode network (DMN) (26) has been widely recognized as a fundamental 

neurobiological system with important implication in typical and atypical developing brains (40). 

Unlike primary sensorimotor (SM) and visual (Vis) networks emerging relatively earlier around 

and before birth (41-43), emergence of the vital resting-state DMN is not well established until 

late infancy (44). At birth the human brain architecture already comprises a large scale of 

connections (41, 42, 45) that can be measured with resting-state fMRI (rs-fMRI). Highly 

differentiated emergence of functional networks (23, 41-43, 45) result from rapid neuronal growth 

during infancy. In general, primary sensorimotor functions emerge earlier than higher order 

cognitive functions during brain development. Functional networks consist of densely linked hub 

regions to support efficient neuronal signaling and communication. These hub regions can be 

delineated with data-driven independent component analysis (ICA) of rs-fMRI data and serve as 

functional regions-of-interests (ROIs) for testing physiology-function relationship. Meeting 

metabolic demands in these hub ROIs is critical for functional network maturation. In fact, spatial 

correlation of rCBF to the functional connectivity (FC) in these functional ROIs was found in adult 

brains (46). Altered DMN plays a vital role in neurodevelopmental disorders such as autism (47-

50). Thus, understanding physiological underpinning of the DMN maturation offers invaluable 

insights into the mechanism of typical and atypical brain development. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430158doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430158
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

With prominent DMN emergence during infancy (23,44), We hypothesized that during 

infancy rCBF increases faster in the DMN regions than in primary sensorimotor regions, where 

functional networks emerge earlier (23, 41-43, 45, 51). Furthermore, since rCBF is an indicator of 

local metabolic level of glucose and oxygen consumption of resting brains, we hypothesized faster 

rCBF increase in the DMN regions is strongly coupled with FC increase there to meet extra 

metabolic demand of DMN maturation. In this study, we acquired multi-modal MRI including both 

pCASL perfusion MRI and rs-fMRI of 48 infants aged 0 to 24 months to quantify rCBF and FC, 

respectively. T1 weighted images of all infants were also acquired for anatomical information. 

RCBF at the voxel level and in functional network ROIs were measured to test the hypothesis of 

spatiotemporally differential rCBF increases during infancy. Maturation of FC in the DMN was 

delineated. Correlation of FC increase and rCBF increase in the DMN ROIs was tested and further 

confirmed with data-driven permutation analysis, the latter of which was to examine if the coupling 

of rCBF and FC takes place specifically in the DMN during infancy. 
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Results  

Faster rCBF increases in the DMN hub regions during infant brain development. The 

labeling plane and imaging slices of pCASL perfusion MRI of a representative infant brain, 

reconstructed internal carotid and vertebral arteries, and four PC MR images of the target arteries 

are shown in Fig. 1a. The rCBF maps of infant brains were calculated based on pCASL perfusion 

MRI and calibrated by PC MRI. As an overview, axial rCBF maps of typically developing brains 

at milestone ages of 1, 6, 12, 18 and 24 months are demonstrated in Fig. 1b. High quality of the 

rCBF maps can be appreciated by a clear contrast between white matter and gray matter. A 

general increase of blood flow across the brain gray matter from birth to 2 years of age is readily 

observed. Heterogeneous rCBF distribution at a given infant age can be appreciated from these 

maps. For example, higher rCBF values in primary visual cortex compared to other brain regions 

are clear in younger infant at around 1 month. Fig. 1b also demonstrates differential rCBF 

increases across brain regions. RCBF increases are prominent in the posterior cingulate cortex 

(PCC, a vital hub of DMN network), indicated by green arrows. On the other hand, rCBF in the 

visual cortex is already higher (indicated by blue arrows) than other brain regions in early infancy 

and increases slowly across infant development. Supplemental Information (SI) Appendix Fig. S1 

quantitatively illustrates spatial inhomogeneity of rCBF distribution regardless of age, with rCBF 

in the Vis ROI highest, rCBF in the SM ROI lowest and rCBF in the DMN ROIs in the middle. 

Fig. 2a shows cortical maps of linearly fitted rCBF values of infant brains from 0 to 24 

months. Consistent with nonuniform profile of the rCBF maps observed in Fig. 1b, the three-

dimensionally reconstructed rCBF distribution maps in Fig. 2a are also not uniform at each 

milestone infant age. RCBF increases from 0 to 24 months across cortical regions are apparent, 

as demonstrated by relatively high rCBF-age correlation r values across the cortical surface in 

Fig. 2b. Heterogeneity of rCBF increases across all brain voxels can be more clearly appreciated 

in Figs. 2a and 2b compared to Fig. 1b. With DMN functional network regions including PCC, 

medial prefrontal cortex (MPFC), inferior posterior lobule (IPL) and lateral temporal cortex (LTC) 
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as well as Vis and SM network regions delineated in the SI Appendix Fig. S2b as ROIs, rCBF 

trajectories in Fig. 2c demonstrate that rCBF in these ROIs all increase significantly with age (Vis: 

r = 0.53, p < 10-4; SM: r = 0.52, p < 10-4; DMN: r = 0.7, p < 10-7; DMN_PCC: r= 0.66, p < 10-6; 

DMN_MPFC: r = 0.67, p < 10-6; DMN_IPL: r = 0.66, p < 10-6; DMN_LTC: r = 0.72, p < 10-8). Using 

the trajectory of primary sensorimotor (SM) (black line and circles) in Fig. 2c as a reference, rCBF 

increases across functional network ROIs are heterogeneous (Fig. 2c). Specifically, significantly 

higher (all p < 0.05, FDR corrected) rCBF increase rate was found in total DMN ROIs (1.59 

ml/100g/min/month) and individual DMN ROIs, including DMN_PCC (1.57 ml/100g/min/month), 

DMN_MPFC (1.63 ml/100g/min/month), DMN_IPL (1.42 ml/100g/min/month) and DMN_LTC 

(2.22 ml/100g/min/month), compared to in the SM ROI (0.85 ml/100g/min/month). Although the 

rCBF growth rate in the Vis (1.27 ml/100g/min/month) ROIs is higher than that in the SM ROIs, 

this difference was not significant (p = 0.13). Collectively, Figs. 1 and 2 show that the CBF 

increases significantly and differentially across brain regions during infancy, with rCBF in the DMN 

hub regions increasing faster than rCBF in the SM and Vis regions (Fig. 2). The 4D spatiotemporal 

whole-brain rCBF dynamics during infant development are presented in a movie (SI Appendix 

Movie S1). 

Emergence of DMN during early brain development. Fig. 3a shows emergence of the DMN in 

typically developing brain from 0 to 24 months as measured using rs-fMRI with a PCC seed region 

indicated by the black dash line. At around birth (0 months), the DMN is still immature with weak 

FC between other DMN regions (including MPFC, IPL, and LTC) and PCC (Fig. 3a). During infant 

brain development from 0 to 24 months, Fig. 3a shows that the functional connectivity between 

MPFC, IPL or ITC and PCC gradually strengthens. Fig. 3b shows the FC-age correlation r value 

map. It can be appreciated from Fig. 3b that across the cortical surface relatively higher r values 

are only located at the DMN regions (except the seed PCC).  
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As shown in SI Appendix Fig. S3, only the FC within the DMN (r = 0.31, p < 0.05), but not 

the Vis (r = 0.048, p = 0.745) or SM (r = 0.087, p = 0.559), was found to increase significantly with 

age, indicating significant functional development in the DMN, but not in the Vis or SM network. 

Coupling between rCBF and FC within DMN during infant brain development. To test the 

hypothesis that rCBF increases in the DMN regions underlie emergence of this vital functional 

network, correlation between rCBF and FC was conducted across randomly selected voxels 

within the DMN of all infants aged 0-12 months (Fig. 4a) and all infants aged 12-24 months (Fig. 

4b). Significant correlations (p<0.001) were found in both age groups. We further tested whether 

functional emergence of the DMN represented by increases of FC within the DMN (namely DMN 

FC) was correlated to rCBF increases specifically in the DMN regions, but not in primary 

sensorimotor (Vis or SM) regions. Fig. 5a shows correlations between the DMN FC and rCBF at 

the DMN (red lines), Vis (green lines) or SM (blue lines) voxels. The correlations between the 

DMN FC and averaged rCBF in the DMN, Vis or SM region are represented by thickened lines in 

Fig. 5a. A correlation map (Fig. 5b) between the DMN FC and rCBF across the entire brain voxels 

was generated. The procedures of generating this correlation map are illustrated in Fig. S4. The 

DMN, Vis and SM ROIs in Fig. 5b were delineated with dashed red, green and blue contours, 

respectively, and obtained from Fig S2b. Most of significant correlations (r > rcrit) between the 

DMN FC and voxel-wise rCBF were found in the voxels in the DMN regions, such as PCC, IPL 

and LTC, but not in the Vis or SM regions (Fig. 5b). Demonstrated in a radar plot in Fig. 5c, much 

higher percent of voxel with significant correlations between rCBF and the DMN FC was found in 

the DMN (36.7%, p < 0.0001) regions, than in the SM (14.6%, p > 0.05) or Vis (5.5%, p > 0.05) 

regions. Statistical significance of higher percent of voxels with significant correlations in the DMN 

(p<0.0001) was confirmed using nonparametric permutation tests with 10,000 permutations. We 

also conducted the correlation between the Vis FC and rCBF across the brain as well as 

permutation test. As expected, no significant correlation between the Vis FC and rCBF can be 

found in any voxel in the DMN, Vis or SM ROIs, demonstrated in SI Appendix Fig. S5a. Similar 
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analysis was also conducted for correlation between the SM FC and rCBF across the brain and 

percent of voxels with significant correlation was close to zero, as demonstrated in SI Appendix 

Fig. S5b. Combined with the results shown in Fig. 5, the results of coupling between Vis (SI 

Appendix Fig. S5a) or SM (Fig. S5b) FC and rCBF further demonstrated selected rCBF-FC 

coupling can be only found in the DMN ROIs, but not in the Vis or SM network ROIs.   
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Discussion  

We investigated physiological underpinning of functional architecture emergence of the 

DMN during infancy with multi-modal infant MRI. Coupling between rCBF increase and FC 

increase specifically in the DMN regions found in this study offers refreshing insight into the 

mechanism of DMN emergence during infancy. That is, DMN functional circuit emergence during 

infancy is supported by larger local blood flow increase in the DMN to meet metabolic demand. 

We also delineated the 4D brain perfusion spatiotemporal dynamics characterized with 

heterogeneous rCBF distribution across brain regions at a specific age and differential age-

dependent rCBF increases across brain regions during infant development. Elucidating the 

ontogeny of infant brain physiology (i.e. spatiotemporal dynamics of the infant rCBF) could greatly 

advance current understanding of general principles of normal development. The 4D rCBF 

profiles can also be used as a quantified standard reference for detecting rCBF alterations (e.g. 

the z scores) of atypically developing brains. 

Recent rs-fMRI studies have identified gradient on emergence of functional networks 

during early development. Differential emergence of these functional networks is characterized 

by different onset time as well as different maturational rate of various brain functions in a given 

developmental period. Primary sensory and motor functional networks, such as the SM and Vis 

networks, appear earlier before or around birth (41-43, 45, 51). Other functional networks involved 

in heteromodal functions appear later. The DMN (26, 52-56) is a higher-order functional network. 

Cao et al found rapid maturation of primary sensorimotor functional systems in last several weeks 

before normal time of birth while the DMN remained immature during that period (41). Smyser et 

al (43) also found that SM and Vis functional networks mature earlier and demonstrate adult-like 

pattern for preterm neonate brain, with the DMN much immature and incomplete around birth. 

These previous studies suggest that significant functional maturation in primary sensorimotor 

networks occur earlier in preterm and perinatal developmental period (41-43) compared to 0-24-

month infancy focused in the present study. Distinguished functional network developmental 
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pattern characterized by the DMN emergence is demonstrated in human infancy. Consistent to 

the literature (44), functional network emergence in the DMN from 0 to 24 months was found in 

Fig. 3 of this study. Furthermore, SI Appendix Fig S3 demonstrated significant increase of FC 

only in the DMN, but not in primary sensorimotor system that already developed before normal 

time of birth. The differentiated development of functional connectivity from rs-fMRI suggested in 

the literature (41-45) is strikingly consistent to differentiated rCBF increases (Fig. 1 and Fig. 2) 

found in the present study.  

Energy consumed in the brain is primarily yielded by aerobic glycolysis and oxidative 

phosphorylation (26, 27), where glucose and oxygen are two primary molecules for energy 

metabolism. Glucose consumed by infant brain represents 30% total amount of glucose (12,13), 

more than 15-20% typically seen in adult brain (1,2). The cerebral metabolic rate for glucose 

(CMRGlu) and oxygen (CMRO2) are direct measures of the rate of energy consumption, which 

parallel the proliferation of synapses in brain during infancy (12). RCBF delivering glucose and 

oxygen for energy metabolism in the brain is closely related to CMRGlu and CMRO2 and can 

serve as a surrogate of these two measurements (27, 37-39). In the PET study (28) using CMRGlu 

measurements, it was found that the local CMRGlu in the sensorimotor cortex almost reaches the 

highest level in early infancy and then plateaus during rest of infancy, consistent with relatively 

small changes of rCBF in later infancy in primary sensorimotor ROIs found in this study (Fig. 2). 

Measured with PC MRI (16), the global CBF increases dramatically during infancy with global 

CBF at 18 months almost 5 times of the CBF around birth. Consistent with significant global CBF 

increase and differential brain functional maturation in infancy, rCBF increase pattern (Fig. 2) 

follows functional network maturation pattern (Fig. 3) to meet extra metabolic needs of specific 

functional network emergence.  

Heterogeneous rCBF distribution across the brain regions (Fig. 1) at a specific age and 

differential maturational rates of the rCBF (Fig. 2) from 0 to 24 months are consistent with spatially 
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distinctive structural (e.g. review in (57)) and functional (e.g. review in (23)) maturational 

processes. In developmental brains, cellular processes supporting differential functional 

emergence require extra oxygen and glucose delivery through cerebral blood flow to meet the 

metabolic demand. In Hebb’s principle, “neurons that fire together wire together”. Through the 

synaptogenesis in neuronal maturation, the neurons within a certain functional network system 

tend to have more synchronized activity in a more mature stage than in an immature stage. As 

shown in the diagram in Fig. 6, cellular activities in developmental brains, such as synaptogenesis 

critical for brain circuit formation, need extra energy more than that in the stable and matured 

stage. Neurons do not have internal reserves of energy in the form of sugar or oxygen. The 

demand of extra energy requires an increase in rCBF to deliver more oxygen and glucose for 

formation of brain networks. In the context of infant brain development, there is a cascade of 

events of CBF increase, CMRO2 and CMRGlu increase, synaptogenesis increase and synaptic 

efficacy increase, blood oxygenation level dependent (BOLD) signal synchronization increase, 

and functional connectivity increase, shown in the bottom of Fig. 6. Spatial correlation of rCBF to 

the FC in the functional network ROIs was found in adults (46). Higher rCBF has also been found 

in the DMN in children 6 to 20 years of age (58). Consistent with the diagram shown in Fig. 6, Fig. 

4 revealed significant correlation between FC and rCBF in the DMN network, and Fig. 5 revealed 

this significant correlation between FC and rCBF is specific in the DMN network, but not in the 

primary Vis or SM networks. These results (Fig. 4 and Fig. 5) confirmed the hypothesis that faster 

rCBF increase in the DMN underlies emergence of the DMN reflected by significant FC increases. 

Such physiology-function relationship may shed light on fundamental physiological underpinnings 

of DMN development.  

Several technical considerations should be noted. First, present study benefits from 

multimodal MRI allowing measuring functional network emergence and rCBF of the same cohort 

of infants. Simultaneous rCBF and FC measurements enabled us to probe relationship of brain 

physiology and function during infant development. Second, a nonparametric permutation 
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analysis without a prior hypothesis at the voxel level across the whole brain was conducted to 

confirm the coupling of rCBF and FC is specific in the DMN regions (Fig. 5), not in the primary 

sensorimotor (Vis or SM) regions (Fig. S5), enhancing the robustness of the results on 

physiological underpinning of functional network emergence in the DMN. Third, the pCASL 

perfusion MRI was calibrated by PC MRI so that the errors caused by varying labeling efficiency 

among infant subjects can be ameliorated. This calibration process therefore enhanced accuracy 

of rCBF measurements for their potential use as a standard reference. Fourth, the ROIs for rCBF 

measurements were obtained by data-driven ICA analysis of the same sub-cohort of infant 

subjects aged 12 to 24 months instead of transferred ROIs from certain brain parcellation atlases. 

Since most of parcellation atlases were built based on adult brain data and all these atlases were 

established based on other subject groups, ROIs delineated from the same cohort improve 

accuracy of coupling analysis. There are several limitations in the present study that can be 

improved in future investigations.  All data were acquired from a cross-sectional cohort. To 

minimize the inter-subject variability, future study with a longitudinal cohort of infants is warranted. 

With relatively small size of infant brains, spatial resolution of the pCASL and rs-fMRI can be 

further improved too to improve imaging measurement accuracy. To further improve the statistical 

power, larger infant sample size will be beneficial in the future studies. Finally, although the rCBF 

from pCASL perfusion MRI is highly correlated with the CMRO2 and CMRGlu measured from 

PET, rCBF is not direct measurement of rate of energy consumption. Physiology-function 

relationship studies in infants could benefit from development of novel noninvasive MR imaging 

methods for measuring CMRO2 or CMRGlu as an alternative to PET which uses radioactive tracer.   

 

Conclusion 

Based on rCBF and FC measurements from multimodal MRI in developmental brains of same 

cohort of infants, our results inform the mechanism of DMN emergence during infancy from 

physiological aspect. The age-specific whole-brain rCBF maps and rCBF maturational charts in 
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all brain regions serve as a standardized reference of infant brain physiology for precision 

medicine. The rCBF-FC coupling results shed light on fundamental physiology-function 

relationship during functional network maturation and have important implications in altered 

network maturation in developmental brain disorders. 
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Materials and Methods  

Infant Subjects. Forty-eight infants (30 males) aged 0-24 months (14.6 ± 6.32 months) were 

recruited at Beijing Children’s Hospital. These infants were referred to MR imaging due to seizures 

with fever (n = 21), convulsion (n = 17), diarrhea (n = 9), or sexual precocity (n = 1). All infants 

had normal neurological examinations documented in medical record. The exclusion criteria 

include known nervous system disease, or history of neurodevelopmental or systemic illness. 

Every infant’s parents provided signed consent and the protocol was approved by Beijing 

Children’s Hospital Research Ethics Committee. 

Data acquisition. All infant MR scans including pCASL, PC MRI, rs-fMRI and structural MRI were 

acquired with the same 3T Philips Achieva system under sedation. See SI methods for further 

details.  

Measurement of rCBF with pCASL perfusion MRI and calibrated by PC MRI. After head 

motion correction of the pCASL perfusion MRI, we estimated rCBF using the protocol similar to 

that in our previous publication (33). Briefly, rCBF was measured using a model described in ASL 

white paper (31): 

rCBF =
6000∙𝜆∙∆𝑀∙𝑒

𝑃𝐿𝐷
𝑇1𝑎

2∙𝛼∙𝑀𝑏
0∙𝑇1𝑎∙(1−𝑒

−𝐿𝑎𝑏𝑒𝑙𝐷𝑢𝑟
𝑇1𝑎 )

[𝑚𝑙/100𝑔/𝑚𝑖𝑛]                                        [1] 

where ∆M is the dynamic-averaged signal intensity difference between in the control and label 

images; λ, the blood-brain partition coefficient, is 0.9 ml/g (59); PLD, the post labeling delay time, 

is the cumulation of 1650 ms and the delayed time between slices; LabelDur, the labeling duration, 

is 1600 ms; α, the labeling efficiency, is 0.86 predicted by the fitting between labeling efficiency 

and blood velocity in the previous study (36); T1a, T1 of arterial blood, is 1800 ms (60, 61). The 

value of equilibrium magnetization of brain tissue (𝑀𝑏
0) was obtained from an auxiliary scan with 

identical readout module of pCASL except labeling. The labeling efficiency α can vary 

considerably across participants, especially in infants. Thus, we used PC MRI to estimate and 
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calibrate rCBF measures, as described previously (33, 36). To calibrate rCBF, global CBF from 

PC MRI was calculated as follows:  

𝑓𝑃𝐶,𝐴𝑉𝐺 = ∫𝑣 𝑑𝐴/(𝜌 ∗ 𝑏𝑟𝑎𝑖𝑛𝑣𝑜𝑙𝑢𝑚𝑒)                                 [2]  

where v is the blood flow velocity in the ICAs and VAs; A is the cross-sectional area of the blood 

vessel with the unit mm2; and the brain tissue density ρ is assumed as 1.06 g/mL (59, 62). Brain 

volume was measured from the T1-weighted image as parenchyma volume (gray matter + white 

matter volume). RCBF was calibrated by applying the scalar factor making averaged rCBF equal 

to global CBF from PC MRI.  

Multi-modal image registration to a customized template space from all subjects. To 

integrate perfusion MRI and rs-fMRI data of all subjects, images of different acquisition modality 

from all subjects across different ages were registered to a customized template space with 

details in SI methods.   

Characterization of age-dependent changes of rCBF and FC. After multi-modal images from 

all subjects were registered in the same template space, age-dependent rCBF and FC changes 

were characterized with a linear model: y(t) = α + β t + ε, where y was rCBF or FC measurement 

at a certain ROI or voxel, α and β were intercepts and slopes for y, t was the infant age in months 

and ε was the error term. See SI methods for further details.  

Coupling between rCBF and FC during the infant brain development. Coupling between 

rCBF and FC in the DMN was conducted with voxel-wise approach. The FC of a voxel in the DMN 

was the average of correlations of rs-fMRI BOLD signal between this voxel and all other DMN 

voxels. All infants were divided into two groups based on their ages, 0-12 months and 12-24 

months. 4000 voxels were randomly chosen from the DMN voxels of all subjects in each age 

group for regression analysis. Since the variance of both FC and rCBF cannot be ignored in this 

study, Deming regression (63) was used to fit the trendline of coupling between FC and rCBF. 

We further tested whether significant FC-rCBF coupling was specifically localized in the DMN, but 

not in primary sensorimotor (Vis or SM) regions. FC within a specific network was calculated by 
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averaged FC of all voxels in this network. As demonstrated in Fig. S4, the correlation between 

FC within a network and the rCBF at each voxel resulted in a whole-brain r map (e.g. Fig 5b). A 

nonparametric permutation test was then applied to evaluate the significance of rCBF-FC 

correlation in the ROIs of a specific brain network (e.g. DMN, SM or Vis). The null hypothesis is 

that the voxels with significant correlation (r > 0.28) between rCBF and FC are distributed evenly 

in the brain. To test the null hypothesis, we resampled the correlation coefficient r of all brain 

voxels randomly for 10,000 times to build 10,000 whole-brain correlation coefficient distribution 

maps. The FC-rCBF correlation was considered significant in certain brain network ROIs if the 

number of observed significant voxels in the network ROIs is higher than the number of significant 

voxels corresponding to 95th percentile in the permutation tests. 
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Fig. 1. (a) Labeling plane (red line) and imaging volume (blue box) of pseudo-continuous arterial-

spin-labeled perfusion MR imaging are shown on the mid-sagittal slice of T1-weighted image of 

a representative infant on the left panels. Axial and sagittal view of MR angiography with 

reconstructed internal carotid and vertebral arteries are shown in the middle of the panel a. On 

the right of the panel a, the coronal view of the reconstructed arteries is placed in the middle with 

four slices (shown as blue bars) of the phase-contrast (PC) MR scans positioned perpendicular 

to the respective feeding arteries. The PC MR images are shown on the four panels surrounding 

the coronal view of the angiography. These PC MR images measure the global cerebral blood 

flow of internal carotid and vertebral arteries and are used to calibrate regional cerebral blood flow 

(rCBF). (b) rCBF maps of representative typically developing (TD) infant brains at 1, 6, 12, 18 and 

24 months from left to right. Axial slices of rCBF maps from inferior to superior are shown from 
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bottom to top of the panel b for each TD infant brain. Green arrows point to the posterior cingulate 

cortex (a hub of the DMN network) characterized by relatively lower rCBF at early infancy and 

prominent rCBF increases from 1 to 24 months. Blue arrows point to the visual cortex 

characterized by relatively higher rCBF at early infancy and relatively mild rCBF increase from 1 

to 24 months.   

 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430158doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430158
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 
 

 
 

Fig. 2. (a) Medial (top row) and lateral (bottom row) views of fitted rCBF profiles of the infant brain 

at 0, 6, 12, 18 and 24 months in the custom-made infant template space demonstrate 

heterogeneous rCBF increase across the brain regions. (b) Medial (top) and lateral (bottom) views 

of rCBF-age correlation coefficient (r) map are demonstrated. (c) The scatterplots of rCBF 

measurements in the primary sensorimotor (SM) network (black circle and black line), visual (Vis) 

network (blue circle and blue line), and total and individual default-mode network (DMN) hub 

regions (DMN_MPFC, DMN_PCC, DMN_IPL and DMN_LTC) (blue circle and blue line) 

demonstrate differential rCBF increase rates. * next to network name in each plot indicates 

significant (FDR-corrected p<0.05) differences of rCBF trajectory slope from that of SM used as 

a reference and shown in a black dashed line. Abbreviations of DMN subregions: IPL: inferior 

posterior lobule; LTC: lateral temporal cortex; MPFC: medial prefrontal cortex; PCC: posterior 

cingulate cortex.  
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Fig. 3. Emergence of functional connectivity (FC) within the default-mode network (DMN) during 

infancy is demonstrated by the maps of the DMN FC (posterior cingulate cortex (PCC) as a seed) 

at representative ages from 0 to 24 months (a) and the map of correlation coefficient of FC (PCC 

as a seed) and age (b). In (a), gradually emerging FC of other DMN regions (including MPFC, IPL 

and LTC) to the PCC from 0 to 24 months can be appreciated. The PCC is delineated by the 

black dashed contour. In (b), stronger correlation between FC (PCC as a seed) and age is 

localized in DMN subregions IPL, ITL and MPFC. See legend of Figure 2 for abbreviations of the 

DMN subregions. 
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Fig. 4. Significant correlation of regional cerebral blood flow (rCBF) and functional connectivity 

(FC) at randomly selected 4000 voxels within the default-mode network (DMN) for both infants 

aged 0-12 months (p<0.001, left scatter plot) and infants aged 12-24 months (p<0.001, right 

scatter plot). FC is the average of FC of a certain DMN voxel to all other DMN voxels. The DMN 

regions of interests obtained from a data-driven independent component analysis of resting-state 

fMRI of the 12-24-month infant cohort are shown on the top panels as an anatomical reference. 

See legend of Figure 2 for abbreviations of the DMN subregions. 
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Fig. 5. (a) Correlation of intra-default-mode-network functional connectivity (DMN FC) and 

regional cerebral blood flow (rCBF) at randomly selected voxels in the default-mode (DMN, light 

red lines), visual (Vis, light green lines) and sensorimotor (SM, light blue lines) network regions. 

Correlations of DMN FC and averaged rCBF in the DMN, Vis and SM network regions are shown 

as thickened red, green and blue lines, respectively. (b) Coupling between the DMN FC and rCBF 

across the brain can be appreciated by distribution of voxel-wise correlation coefficient (r) 

obtained from correlation between DMN FC and rCBF at each voxel. The short black line in the 

color bar indicates critical r value rcrit corresponding to p=0.05. Higher r values can be appreciated 

in the DMN hub regions including posterior cingulate cortex (PCC), medial prefrontal cortex 

(MPFC), inferior posterior lobule (IPL) and lateral temporal cortex (LTC) with their boundaries 

delineated by the dashed dark red contours (from Fig. S2b). Dashed green and blue contours 

(also from Fig. S2b) delineate the Vis and SM network regions, respectively.  (c) Radar plot shows 

significant correlation between rCBF and intra-DMN FC in the DMN network (36.7%, p < 0.0001), 

but not in the SM (14.6%, p > 0.05) or Vis (5.5%, p > 0.05) networks. The radius represents the 

percent of the voxels with significant correlations between intra-DMN FC and rCBF in DMN, Vis 

and SM network regions, respectively. The dashed line circle indicates critical percent of 

significant voxels with p=0.05 from 10,000 permutation tests. *** indicates p<0.0001. 
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Fig. 6. A diagram illustrating hypothesized neuronal mechanism supporting coupling of regional 

cerebral blood flow (rCBF) and functional connectivity. Specifically, higher cerebral blood flow 

delivers larger amount of oxygen and glucose to neurons, leading to cascade of events of regional 

cerebral metabolic rate of oxygen (CMRO2) ↑ and glucose (CMRGlu) ↑, synaptogenesis ↑ and 

synaptic efficacy ↑, blood oxygenation level dependent (BOLD) signal synchronization ↑, and 

functional connectivity ↑, during infant brain development.    

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 8, 2021. ; https://doi.org/10.1101/2021.02.08.430158doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.08.430158
http://creativecommons.org/licenses/by-nc-nd/4.0/

