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Background—Extra-Corporeal Membrane Oxygenation (ECMO) is a life-saving intervention 

for severe respiratory and cardiac diseases. However, 50% of survivors have abnormal neurologic 

exams. Current ECMO management is guided by systemic metrics, which may poorly predict 

cerebral perfusion. Continuous optical monitoring of cerebral hemodynamics during ECMO holds 

potential to detect risk factors of brain injury such as impaired cerebrovascular autoregulation 

(CA).

Methods—We conducted daily measurements of microvascular cerebral blood flow (CBF), 

oxygen saturation, and total hemoglobin concentration using diffuse correlation spectroscopy 

(DCS) and frequency-domain diffuse optical spectroscopy in 9 neonates. We characterize CA 
utilizing the correlation coefficient (DCSx) between CBF and mean arterial blood pressure (MAP) 

during ECMO pump flow changes.

Results—Average MAP and pump flow levels were weakly correlated with CBF and were not 

correlated with cerebral oxygen saturation. CA integrity varied between individuals and with time. 

Systemic measurements of MAP, pulse pressure, and left cardiac dysfunction were not predictive 

of impaired CA.

Conclusions—Our pilot results suggest that systemic measures alone cannot distinguish 

impaired CA from intact CA during ECMO. Furthermore, optical neuromonitoring could help 

determine patient-specific ECMO pump flows for optimal CA integrity, thereby reducing risk of 

secondary brain injury.

1. Introduction

Extra-Corporeal Membrane Oxygenation (ECMO) has been utilized for refractory 

respiratory and/or cardiac failure in children for over 20 years (1). In this study, we focus on 

veno-arterial (VA) ECMO, which involves cannulation of large vessels to divert a portion of 

venous flow through a membrane oxygenator and mechanical pump (2). ECMO provides 

support to both the heart and lungs by returning oxygenated blood to the body. The long-

term neurological morbidity rate for pediatric ECMO survivors is more than 50% (1, 3), 

prompting increased attention to improving ECMO management of ECMO (1, 4).

Current management of ECMO is guided by age-appropriate mean arterial blood pressure 

(MAP) and blood gas parameters. Accordingly, aberrant changes in MAP typically trigger 

adjustments in pump flow to maintain MAP targets and thus end organ perfusion. For the 

brain, this paradigm assumes MAP variations are directly coupled to cerebral blood flow 

(CBF) changes, in effect, assuming cerebrovascular autoregulation (CA) is disrupted. Prior 

work exploring CA during pediatric ECMO, however, did not directly monitor CBF at the 

bedside in humans (5–9). While CBF monitoring using xenon clearance techniques has been 

explored (10), this is not practical for continuous bedside monitoring.

To this end, we introduce a non-invasive hybrid optical approach for cerebral monitoring 

during ECMO. Our instrumentation utilizes diffuse correlation spectroscopy (DCS) to 

measure CBF and frequency-domain diffuse optical spectroscopy (FD-DOS) to measure 

hemoglobin concentrations and optical scattering. This DOS+DCS approach has been 

deployed to study other pediatric diagnoses (11, 12), but has not previously been applied to 

ECMO. DCS provides a quantitative CBF index that enables evaluation of the temporal 
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correlation between MAP and CBF to assess the integrity of CA in individuals and as a 

function of time. Thus, in this work, we directly measure cerebral hemodynamics to explore 

the hypothesis that CA is impaired during ECMO.

Specifically, we measured the correlation between CBF and MAP to assess CA, and we 

examined the variability of CA within and between individuals during ECMO. We found 

that this variability is not predicted by systemic measures of MAP, pulse pressure, and left 

cardiac dysfunction. This finding motivates the need for direct, individualized, and 

continuous assessment of CA.

FD-DOS also quantifies cerebral microvascular oxygen saturation (StO2) and total 

hemoglobin concentration (Hbt), which we compared with systemic MAP and pump flow 

levels. Our inter-subject results were highly heterogeneous for CA integrity and cerebral 

hemodynamics, likely in part due to ECMO patient heterogeneity. Ultimately, DOS+DCS 

metrics have potential to identify temporal periods of high risk for neurological injury, 

enabling personalized intervention. This pilot study demonstrates the potential of DOS+DCS 

to provide additional bedside insight into cerebral health.

1.1 Cerebrovascular Regulation (Autoregulation) and ECMO Therapy: Background

CA mechanisms control cerebrovascular resistance to maintain adequate CBF to meet 

metabolic demands (13, 14). Within the MAP limits of pressure autoregulation, these 

mechanisms guard against the development of inadequate or excessive cerebral blood flow 

that can produce ischemic or hyperemic brain injury (Figure 1b). Although this view of CA 
has been challenged (13, 15), we adopt Lassen’s relatively simple model (16) for the quasi-

static flow states in this experiment.

The ECMO circuit provides a source of steady perfusion in parallel with the heart’s pulsatile 

perfusion (Figure 1c); the relative contributions vary between patients and over time. During 

ECMO, clinicians often adjust MAP using pump flow (PF), based on systemic vital signs 

(1). As these metrics lack specificity for brain perfusion, such adjustments may produce 

blood pressures outside an individual’s current autoregulatory range, causing inappropriate 

cerebral perfusion pressure. This problem is worsened by the disruption of other CA 
mechanisms during ECMO (5, 17–19).

Difficulties also exist with assessing brain health during ECMO. Neonatal neurological 

exams are compromised by developmental stage and sedation, leading to the use of EEG and 

cranial ultrasound, but neither can provide high-quality predictions or evaluations of neuro-

injury (1), e.g., ~50% of neonates with ‘normal’ ultrasounds have abnormal MRI post-

ECMO (20). Although a few studies have used oxygen saturation to investigate cerebral 

perfusion (6–8), there is limited understanding of adequate cerebral perfusion during ECMO 

(10, 21) or Page 7 of 33 the normative blood pressure range of CA (9). DCS and FD-DOS 

are promising tools to address these needs.
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1.2 Diffuse Optical and Correlation Spectroscopies

DOS and DCS are related technologies which utilize light ~650–950 nm to probe tissue. 

While DOS measures chromophore concentrations (primarily oxy- and deoxy-hemoglobin), 

DCS measures moving scattering bodies (primarily red blood cells).

FD-DOS uses intensity-modulated light to probe the head and brain. A diffusion model of 

light transport allows separation of the effects of tissue absorption from scattering (22). This 

separation, combined with multi-wavelength measurements, enables quantitative estimates 

of oxy- and deoxy-hemoglobin concentrations, and thus of StO2 and Hbt. By contrast, 

devices utilizing constant or slowly-varying light sources (e.g., many commercial cerebral 

oximeters (23, 24)) are unable to separate scattering from absorption and are therefore 

limited to trend monitoring. Quantitative optical measurements are important during 

changing physiological conditions, e.g., developing edema during ECMO.

In addition to FD-DOS, DCS employs photon correlation techniques to derive a blood flow 

index (BFI) proportional to CBF (25–27). Combining these devices into a hybrid system 

allows simultaneous measurement of blood flow, hemoglobin content, and hemoglobin 

oxygen saturation. A major advantage of DOS+DCS is the ability to make serial or 

continuous measurements. In part, our study sought to identify temporal changes in cerebral 

hemodynamics during ECMO.

2. Methods

All patients from English-speaking families cannulated for VA-ECMO at the Children’s 

Hospital of Philadelphia were eligible for enrollment. The responsible clinical team was 

consulted prior to approach for enrollment and each measurement. Clinically unstable 

subjects were excluded from the study. Under an nstitutional Review Board approved 

protocol, informed consent was obtained by a physician researcher. Several metrics of 

overall and cardiac health were calculated for each study participant. A Functional Status 

Score (28) was calculated at both ICU admission and discharge; Pediatric Risk of Mortality 

III Scores (29) were also calculated. Arterial pulse pressure (PP = systolic - diastolic BP) 

was examined as a readily available metric of cardiac health. Clinically-ordered 

echocardiograms were assessed for cardiac dysfunction.

Upon enrollment, ~1-hour daily optical FD-DOS/DCS monitoring sessions were conducted 

(Table 1). Monitoring ended due to clinical instability, weaning from or withdrawal of 

ECMO, parental choice, or at the 5th day of ECMO. The monitoring session consisted of 

two phases: (1) baseline measurements of BFI, StO2, and Hbt and (2) CA assessment. 

Subject measurements with low-quality signal (e.g., DCS photon count rate < 10 kHz), non-

neonates, and recipients of extended (>15 min) CPR were excluded from the current 

analysis. Additionally, measurements following dramatic swelling in one subject (>30% 

change in bodyweight) were excluded due to potential failure of the diffusion 

approximation. Study personnel continuously observed the subjects during data collection. 

Motion artifacts were manually recorded and these periods excluded from further analysis. 

Additionally, artifacts were identified using both the temporal derivative and absolute value 

of blood pressure and pump flow.
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2.1 Baseline Measurements and CA Assessment

Details of the hybrid DOS+DCS instrument have been described elsewhere and are 

summarized in the online supplement (30). A semi-infinite model was used for analysis of 

both DOS and DCS data. Baseline measurements were collected each day using a custom-

built flexible patient interface with embedded fiber optics manually placed on the subject’s 

forehead. Measurements were limited to the right side only due to cannula placement. For 

each baseline period of ~5 min., tissue oxygen saturation (StO2o), hemoglobin content 

(Hbto), and reduced scattering coefficient (μ’so) were quantified.

After the baseline measurements, a lighter and more conformable DOS+DCS probe was 

utilized for CA measurements. FD-DOS measurements of StO2 and Hbt utilized a single 

source-detector separation to calculate temporal changes from baseline (31). FD-DOS 

temporal data was only available for 15 of 22 monitoring sessions. The DOS measurement 

was sensitive to signal-to-noise issues due to the relatively small source and detector fibers 

required for the lightweight probe.

For the CA assessment phase, interleaved FD-DOS and DCS measurements were acquired 

every 7 seconds on the subject’s right forehead during serial PF variation (Figure 1a, 30–60 

minutes, depending on toleration of flow variation). In addition to the optical data, time-

synchronized clinical vital signs, and ECMO system parameters (Transonic HT-100 flow 

meter, Spectrum Medical M2) were recorded (CNS, Moberg Research). These data included 

pulse and mean arterial pressures (PP, MAP), venous oxygen saturation (SvO2), arterial 

oxygen saturation (SaO2), and PF (normalized by weight). Temporal data sets utilized for 

CA assessment were normalized to a ~5 min. period prior to any manipulation.

PF changes were performed by the bedside perfusionist in steps of approximately ±10% 

from baseline. Each step was maintained for ~5 minutes (Figure 1a) prior to return to 

baseline PF. In initial measurements (subjects 1, 2), we aimed to undertake four 10% steps 

(i.e., 80% to 120% of baseline). However, we found patient-specific flow limitations (e.g. 
high venous line pressures) often prevented PF adjustments by the full range. In these cases, 

a subset of the range was used. As ±10% changes were found to sufficiently alter MAP, PF 
adjustments were subsequently limited to ~90% and ~110% of baseline. The speed and 

exact timing of the adjustments was left to the perfusionist’s discretion, which was guided 

by the actual and expected response of the patient to flow changes. Note that reported PF is 

normalized by body weight (L/min/kg).

2.2 Data Processing and Statistical Analysis

Baseline cerebral hemodynamic and baseline circulatory parameters (symbolized by Xo) 

were compared across individuals and measurement days. Specifically, we computed the 

Pearson correlation coefficient between: (1) BFIo and MAPo; (2) BFIo and PFo; (3) PFo and 

MAPo; (4) StO2o and MAPo; (5) StO2o and PFo; (6) StO2o and SvO2o; and (7) PPo and 

MAPo (corrcoef, MATLAB R2017a, Mathworks).

For each CA assessment (N=22 Table 1), relative MAP and BFI data were computed as a 

function of monitoring time, t, during cyclical PF variation (Figure 1a), i.e., rMAP(t)
≡MAP(t)/MAPo, rBFI(t)≡BFI(t)/BFIo. CA was characterized by the DCSx index, which is 
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the Pearson’s correlation coefficient between rMAP(t) and rBFI(t). To examine the impact of 

baseline circulatory parameters on CA, we grouped DCSx measurements by MAPo terciles, 

low/moderate/high PPo, and severe/moderate/mild left cardiac dysfunction. A Wilcoxon 

rank sum test was then employed to test for differences in DCSx across the three groups for 

each circulatory parameter. Low/moderate/high PPo corresponded to PPo<8 mmHg, 

8<PPo<15 mmHg, and PPo>15 mmHg, respectively. Severe/moderate/mild left cardiac 

dysfunction was assessed by a blinded independent reviewer of clinical echo cardiograms. 

The reviewer’s scores were compared with the clinical assessment scores; the more 

conservative score was used if there was disagreement. Finally, we present two case 

examples of concurrent time-series rBFI and StO2 data.

3. Results

We measured a total of 15 children. The present analysis focuses on neonates. One subject 

was therefore excluded from the present analysis due to age (7 yr.). Additionally, one subject 

was excluded due to low DCS signal to noise ratio, and four subjects were excluded due to 

persistent artifacts in vitals signs or PF. Lastly, one subject was only partially included in 

this analysis due to significant swelling that occurred between measurement days 1 and 2 

(with accompanying body weight change of 2.9 to 3.83kg); this degree of swelling will very 

likely cause a breakdown of underlying mathematical assumptions in our analysis. All 

monitoring sessions for the remaining eight neonates were included. Thus, we analyzed 22 

monitoring sessions of the nine included neonates (Table 1 supplementary material Figure 

S1). At our institution, centrifugal pumps are not used for infants, therefore all included 

subjects were perfused with roller pumps.

3.1 Baseline hemodynamics and vital signs

Table 2 contains summary statistics of baseline hemodynamic measurements across the 9 

neonatal subjects (1–5 measurements per subject). Figure 2 shows their correlation with 

systemic measures. We observed high intrasubject variability in BFIo, compared to PFo, and 

MAPo, which suggests that these systemic parameters are poor surrogates of CBF (Table 2). 

Weak correlations between BFIo and PFo (R=−0.45, p=0.03) and between BFIo and MAPo 

(R=0.49, p=0.02), were found. Note also that we did not observe a significant correlation 

between MAPo and PFo (R=−0.24, p=0.28) in this population. These weak and potentially 

spurious correlations are perhaps further testament to the complex interactions that can exist 

between ECMO and cardiac circuits and these circuits and the brain, as well as the 

significant inter-subject and temporal variation in vasopressor therapy, shock state, etc. The 

intra-subject variability in BFIo could reflect variability within individual patients, e.g., due 

to changes in superficial tissue thickness. Similarly, StO2o was not correlated with PFo 

(R=0.11, p=0.64) or with MAPo (R=0.07, p=0.77), and it was only marginally correlated 

with mixed systemic SvO2o (R=0.43, p=0.057). Cerebral StO2o was generally lower than 

systemic SvO2o, which is consistent with the high metabolism of the brain, compared to the 

resting body, and other work (32), as well as the differences between cerebral and somatic 

vascular physiology. Finally, the correlations of BFIo and StO2o with PPo were R=0.328 

(p=0.136) and R=−0.08 (p=0.745) respectively (not shown).
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An important advantage of the FD-DOS technique is its ability to measure absolute optical 

properties. In the 7 neonates with multiple measurement days, we observed an intra-subject 

temporal coefficient of variation (CV) in the tissue reduced scattering coefficient of 0.26 

(0.18, 0.35) (i.e., CV is the ratio of the standard deviation and the mean of μ’s,o at 785nm for 

each patient across multiple monitoring days; inter-subject median (IQR); also see Table 2). 

Since μ’s,o determines the optical path length in tissue, accurate values of μ’s,o are critical for 

quantification. By contrast, tissue absorption (μa) varied less (0.09 (0.04, 0.22)).

Functional systems scores and pediatric risk of mortality (III) scores, day of life, and day on 

ECMO were all compared to optical measurements, and no significant relationships were 

identified.

3.2 CA assessment during ECMO pump flow variation

Figure 3 shows exemplar temporal traces of Hbt, StO2, relative BFI, and relative MAP 
measurements obtained during ±20% PF changes in different neonates (#1, 2) on the first 

day of ECMO and of life. In these examples, Hbt and StO2 are insensitive to flow 

manipulations in both cases, while MAP and BFI data show divergent responses. These 

results suggest that baseline condition for subject 2 was hyperoxygenated, as hemoglobin 

saturation was consistent despite >10% decrease in blood flow. For subject 1, the DCSx 
index (95% CI) was −0.42 (−0.52, −0.31); generally, DCSx near zero or slightly negative are 

considered to reflect intact CA. For subject 2, the DCSx index of 0.71 (0.65, 0.77) suggests 

impaired CA (Pearson’s correlation coefficients between StO2 and MAP were −0.04 (−0.17, 

0.09) and 0.21 (0.1, 0.32), respectively).

Across the subject population, we found that DCSx was not predicted by MAPo, PPo, or left 

cardiac dysfunction (Figure 4). While not statistically significant, DCSx was lower in 

patients with better cardiac function measured by echo-cardiogram, suggesting CA is more 

robust in patients with healthier hearts.

3.3 Temporal variation in CA during ECMO

Temporal variation in CA during ECMO for individual subjects was substantial (i.e., a 

coefficient of variation of 0.86 (−0.32, 1.14); see Table 2), and larger than the temporal 

variation in systemic parameters (Table 2). We Page 13 of 33 further present one 

longitudinal case example (Figure 5) for the patient with the largest number of monitoring 

days (subject 7). The robustly positive DCSx measurements on days 1–3 suggest impaired 

CA. In addition, MAPo, PPo, PFo, and StO2o all significantly increased during days 1–3. It is 

plausible that the increase in StO2o reflects increased oxygen delivery to the brain arising 

from excessive blood flow due to the increase in MAPo. Conversely, on days 4 and 5, DCSx 
is noticeably closer to zero, signaling improved CA. Further, systemic arterial and venous 

saturations (SaO2o and SvO2o), between days 1–3 and 4–5 are not significantly different. 

Finally, the improved CA on days 4 and 5 was associated with higher PPo, a surrogate metric 

of improved cardiac function. The notion of improved cardiac function is also supported by 

the divergence between PPo and PFo on day 4, which suggests that the healing heart is 

taking over the work of providing perfusion. This patient was successfully weaned from 

ECMO. Examining all the measurements in the entire population, we do not see a significant 
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trend in DCSx with time (not shown). The longitudinal results shown in Figure 5 should be 

interpreted with caution, in part because the optical measurements were temporally sparse (1 

per day) and limited number of total measurements.

4. Discussion

In this observational pilot study we introduced and demonstrated a scheme that utilizes 

diffuse optical technology to non-invasively assess CA (i.e., DCSx index), microvascular 

cerebral perfusion (i.e., BFI), and microvascular cerebral oxygenation (i.e., StO2) in 

neonates receiving ECMO. The optical measurements, which were performed at the bedside 

with minimal disruption to clinical care of the patient, varied substantially between 

individuals and with time (Table 2). These preliminary results, as well as previous work by 

our group (11, 30) and others (33), suggest these optical measurements may be well-suited 

for longitudinal monitoring in children. Future work is clearly needed to demonstrate the 

clinical utility of this scheme and the practicality of continuous monitoring in critically ill 

children.

For CA assessment, optical measurements of BFI changes were compared to corresponding 

MAP changes induced by PF manipulations (Figure 3). Pilot data from the case examples 

demonstrates the scheme’s ability to track longitudinal improvement (Figure 5) in an 

individual neonate during ECMO. By contrast, cardiac and circulatory parameters do not 

predict CA, i.e., intact or impaired as defined by DCSx measurements (Figure 4, Figure 5). 

Note, previous work has shown good agreement between DCS and Laser Doppler CBF 
measures (25) and that LDx could accurately distinguish intact from impaired CA (34). This 

in turn suggests that the DCSx is comparable to LDx, measured invasively by Laser Doppler, 

for determination of CA.

At clinically prescribed PF0, the BFI0, MAP0, and StO2,0 levels were heterogeneous (Figure 

2); intrasubject variability in BFIo and CA were large compared to the variability of PFo, and 

MAPo (Table 2). The impact of PFo on MAPo and ultimately, on cerebral blood flow, 

appears to be complex; among other factors, it depends on cardiac output and the fraction of 

necessary flow provided by the ECMO pump, and may also reflect brain injury acquired 

prior to ECMO initiation. In total, these results suggest that the easily measured systemic 

parameters, such as pump flow and mean arterial pressure, that are often used to characterize 

patient response are not always good surrogates for healthy cerebral physiology (i.e., 
adequate CBF or StO2). Future work is needed to confirm the prognostic value of 

longitudinal monitoring with this scheme.

4.1 Direct Cerebral Monitoring versus Systemic Surrogates

Current clinical protocols frequently rely on systemic variables such as MAP targets, urine 

output and skin temperature as surrogates of end-organ perfusion, including cerebral 

perfusion. This study demonstrates that these non-neurologic indicators of adequate oxygen 

delivery are not reliable surrogates of brain perfusion (35, 36). We observed longitudinal 

changes in perfusion and CA that were not apparent from the systemic measurements (e.g., 
Figure 5). These pilot results, in combination with the observed variability between absolute 

MAP, SaO2o, and SvO2o and optical measurements of the brain (Figure 5), highlight the 
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potential of diffuse optics for improving patient-specific CBF management during ECMO. 

Defining such CBF targets will clearly be a challenge, as has been reviewed in the context of 

neurosurgery (37), and will ultimately need to include both blood pressure and metabolic 

regulation. Note, quantitative cerebral StO2 measurements were generally lower than 

systemic SvO2 measurements (Figure 2), which is indicative of higher cerebral oxygen 

extraction levels (32), as well as differences in vascular physiology. Indeed, our average 

measured StO2 across patients was 57%, which is lower than previously reported StO2 of 

67% in 1-week old healthy infants (33).

Intriguingly, in this population BFI0 was a factor ~2 lower, while StO2 was 8% higher, than 

previously reported pre-surgical values in ventilated neonates with congenital heart defects 

(27).

4.2 Use of StO2 Data to Assess CA

Our preliminary findings indicate that using StO2 measurements alone to assess CA may be 

difficult to generalize. For example, the StO2 data does not distinguish between the 2 case 

examples presented in Figure 3, while the BFI data suggests different states of CA. The 

origin of the differing trends between BFI and StO2 data in Figure 3 is not known. From 

Fick’s model, a constant StO2 in the face of changing BFI suggests that cerebral oxygen 

metabolism changes with pump/heart-driven cerebral blood flow, which seems unlikely. 

Potentially, the high absolute StO2 levels in these two examples (i.e., 60–70%) reflect 

hyperperfusion, and the accumulation of a sizeable reservoir of dissolved oxygen in the 

tissue. Previous modeling work has shown that such conditions can substantially blunt the 

changes in oxygen extraction arising from changes in cerebral blood flow (38).

Excessive CBF however, may expose the brain to risk of bleeding. More work is needed to 

investigate the use of StO2 data for CA assessment in this population.

4.3 Intrasubject Variability in Optical Tissue Scattering

Intrasubject temporal variability in the tissue reduced scattering coefficient measurements 

was ~30%. Similar variability in scattering was also recently reported in 2 neonates on 

ECMO (39). The variability in scattering could reflect variability in tissue water content 

caused by swelling/inflammation. Indeed, given one subject’s >30% increase in body weight 

relative to the prior day, the very low tissue scattering coefficient measurement (~1.5 cm−1 at 

785 nm) on the second day likely indicated a large amount of brain/superficial tissue 

swelling. Subsequent monitoring sessions were excluded from our analysis, due to potential 

failure of the diffusion model of photon transport. Additionally, the swelling observed in the 

ECMO population pushes the skin and optical probe further from the brain. Independent 

measurements of tissue water content and swelling in future studies is needed to better 

understand the relationship between scattering and swelling.

Clinical NIRS monitors assume a value for tissue scattering to derive estimates of oxygen 

saturation (22); errors in this estimation affect the accuracy of computed StO2. The large 

temporal variability in scattering observed here raises concern about conflation between 

scattering and oxygenation changes in NIRS monitoring during ECMO. Future investigation 

of the magnitude and distribution of this error are needed. In addition, since accurate 
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calculation of the DCS BFI relies on accurate knowledge of tissue absorption and scattering 

(22), a hybrid frequency or time domain DOS+DCS approach is preferable to DCS alone for 

perfusion monitoring.

4.4 Limitations

This pilot study has many limitations. The patient population is heterogeneous, even within 

diagnosis. Post-ECMO neuroimaging showed a wide range of injury; our sample size and 

the limitations discussed below preclude drawing conclusions on the relationship between 

CA and the injury observed weeks after ECMO by MRI. In addition, the study had variation 

in the timing of ECMO initiation, severity of illness, total blood volume (volume status), and 

other clinical variables in these critically ill children. Moreover, since the present study is 

observational, we did not control for medications nor clinical interventions; additionally, our 

Page 17 of 33 recruitment protocol may have excluded the most ill, least stable, children. 

Given limited resources, continuous 24-hour monitoring was not practical. Instead, our 

measurements were acquired over ~1 hour per day, scheduled as convenient for the family 

and clinical team, and thus each measurement had a large variation in measurement time 

with respect to the start of ECMO, etc. Therefore, the longitudinal data from a single subject 

presented in Figure 5 should be interpreted with caution, e.g., since the ~1-hour monitoring 

intervals may not be indicative of average hemodynamics across the day. Further, the precise 

reasons for the observed improvement in CA in Figure 5 are not known. Our data was also 

collected at a relatively slow rate (~7s per measurement), limiting our sensitivity to higher 

frequency autoregulatory mechanisms. Due to the small data set, we made a linear 

comparison of MAP to BFI0, rather than a more realistic piece-wise linear or sigmoidal 

curve.

Furthermore, in these experiments, data was collected only on the right side of the head. 

Children were cannulated via the great vessels in the right side of the neck, the left side of 

the head was therefore positioned towards the bed. Anchoring our probe to the left side of 

the head in this position was impractical and repositioning was not feasible due to danger of 

dislodging the cannulas. However, cannulation via the vessels on the right side of the neck 

may restrict blood flow more to the right than left side of the brain, as the right side is then 

perfused by collateral circulation through the circle of Willis, leaving the right side of the 

brain more vulnerable to ischemic injury. Future studies to identify potential hemispherical 

differences in Hbt, StO2, and CA are needed.

For the baseline measurements, we caution that the variability in BFIo also likely reflects 

variability in factors such as differences in the superficial tissue thickness and probe pressure 

against the head. Swelling, for example, may change the distance between the optical probe 

and the brain, which will affect the absolute BFI measurement. Note, however, the relative 

changes used for the CA measurements are more robust to many of these effects.

5. Conclusion

We carried out a pilot study that employed diffuse optical tools to continuously monitor 

cerebral hemodynamics and assess cerebrovascular autoregulation integrity in the intensive 

care unit during VA-ECMO. Given a lack of correlation between DCS-measured CBF and 
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both PF and MAP, the data here present a strong argument for cerebral monitoring with 

individualization of end-organ targeted care. This argument is further reinforced by the 

substantial variability in measurements of cerebral hemodynamics and CA integrity across 

patients and with time. This variability was not predicted by systemic measurements. 

Cerebral monitoring with diffuse optics could, in principal, be used to drive ECMO care and 

improve the quality of survival in these critically ill neonates. The hybrid FD-DOS+DCS 

approach utilized in this study provided additional value compared to FD-DOS alone for 

assessment of CA, oxygen delivery, and metabolism. Looking forward, by determining these 

critical metrics of cerebral health, quantitative optical tools could permit goal-directed 

clinical interventions, e.g., setting of ECMO pump flow based on DCSx values.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact Statement

• What is the key message of your article?

– Cerebral blood flow and oxygenation are not well predicted by 

systemic proxies such as ECMO pump flow or blood pressure.

– Continuous, quantitative, bedside monitoring of cerebral blood flow 

and oxygenation with optical tools enables new insight into the 

adequacy of cerebral perfusion during ECMO.

• What does it add to the existing literature?

– A demonstration of hybrid diffuse optical and correlation 

spectroscopies to continuously measure cerebral blood oxygen 

saturation and flow in patients on ECMO, enabling assessment of 

cerebral autoregulation.

– An observation of poor correlation of cerebral blood flow and 

oxygenation with systemic mean arterial pressure and ECMO pump 

flow, suggesting that clinical decision making guided by target 

values for these surrogates may not be neuroprotective.

• What is the impact?

– ~50% of ECMO survivors have long-term neurological deficiencies; 

continuous monitoring of brain health throughout therapy may 

reduce these tragically common sequelae through brain-focused 

adjustment of ECMO parameters
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Figure 1: 
(a) Timeline of dynamic measurement, showing nominal steps in ECMO pump flow. The 

actual change, number of steps, and rate of change was limited by the clinical team based on 

individual patient response. (b) Schematic of CBF vs. MAP (16): at high and low MAP, 

flow is pressure-controlled. At blood pressures within the pressure limits of autoregulation 

(dotted lines), flow is regulated; outside this zone, the brain is at risk for hemorrhage or 

ischemia. The pressure limits of autoregulation are not well understood in neonates and are 

expected to change with disease state. For example, the lower limit may shift, narrowing the 

range of regulated flow (maroon curve). Schematics of: (c) blood circulation; and (d) FD-

DOS/DCS monitoring during ECMO. Optical measurements include the DCS index of CBF 
(BFI); and FD-DOS measurement of cerebral oxygen saturation (StO2) and total hemoglobin 

concentration (Hbt).
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Figure 2: 
Comparison of cerebral and systemic parameters at clinically established (baseline) ECMO 

settings, in all subjects/days. DCS-measured Blood Flow Index (BFI) vs. (a) Mean Arterial 

Blood Pressure (MAP) and (b) pump flow (PF, normalized by patient weight). (c) MAP is 

not well correlated to pump flow. Cerebral oxygenation (StO2) is poorly correlated to PF (d) 

and MAP (e); it is trending to a weak correlation with venous oxygen saturation (SvO2) (f). 

Pulse pressure (PP0) was correlated with MAP (g). Black circles designate subjects who 

expired on ECMO. Lines represent a linear best fit; R is Spearman’s correlation coefficient.

Busch et al. Page 16

Pediatr Res. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: 
Time courses of tissue oxygen saturation, and changes in MAP and BFI during PF 
manipulation over time for two exemplar subjects (#1, 2). DCSx (95% CI) for the 

monitoring sessions depicted here were −0.42 (0.52, −0.31) and 0.71 (0.65, 0.77). Fractional 

change in PF, MAP, and BFI are all plotted relative to baseline (between zero and vertical 

dotted line).
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Figure 4: 
All panels display data obtained across multiple days in 9 neonates on ECMO. CA, as 

measured by DCSx, is not predicted by (A) Mean arterial pressure (MAP0, grouped by 

terciles), pulse pressure (PP0), or left cardiac dysfunction at baseline (Wilcoxon rank-sum).
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Figure 5: 
Longitudinal baseline measurements of MAPo (A); PPo and PFo (B); StO2o, SvO2o, and 

SaO2o (C); and the optical DCSx CA index (D) for patient #7, who survived ECMO. Error 

bars denote standard deviation (A, B, C) and the 95% CI (D). On days 1, 2, and 4, the 

MAPo, SaO2o, and SvO2o changed little, however DCSx changed significantly.
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Table 1:

Summary of patient demographic and diagnostic information.

# Sex Day of 
Life

Indication # Meas. ECMO 
duration 

(days)

Died on 
ECMO

Post ECMO 
Imaging

Post ECMO neuroimaging 
diagnosis

1 M 1 Pul. HTN 2 20 N MRI Subtle periventiruclar WM 
gliosis, old WMI

2 M 1 CDH 3 29 Y NA NA

3 M 2 Gastro. 2 20 N MRI Mild to moderate WMI

4 M 6 TOF 2 5 Y NA NA

5 M 1 CDH 4 26 Y NA NA

6 F 3 CDH 1 24 N MRI Mild microhemorrhages

7 F 1 Bivent Dys. 5 5 N None Head CT on ECMO showed left 
MCA stroke.

8 F 4 TOF, Pul. HTN 2 2 N CT Multiple microhemorrhages

9 M 1 CDH 1 1 N MRI None

Pul. HTN: Pulmonary Hypertension; CDH: Congenital Diaphragmatic Hernia; TOF: Tetralogy of Fallot; Bivent. Dys.: Biventricular dysfunction; 
WMI: Ischemic White Matter Injury; Gastro: Gastroschesis; # Meas.: Number of optical measurements; Day of Life & Weight: Age & weight at 
initiation of ECMO therapy. NA: Not applicable.
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Table 2.

Summary statistics for baseline hemodynamic measurements and DCSx (Section 3.1)

Parameter Overall (m=22) Study day 1 (m=9) Study day 2 (m=7) Study day 3+ (m=6) CV (n=7)

PFo (L/kg/min) 0.11 (0.10, 0.13) 0.10 (0.09, 0.13) 0.10 (0.07, 0.13) 0.12 (0.11, 0.14) 0.07 (0.03, 0.10)

MAPo (mmHg) 50 (44, 55) 47.5 (43, 53.5) 55.3 (44, 59.4) 51.5 (44.4, 53.4) 0.10 (0.08, 0.12)

PPo (mmHg) 14.6 (8.7, 16) 14.4 (6.78, 15.8) 20.9 (12, 22.7) 12.4 (9.98, 15.2) 0.26 (0.26, 0.31)

SaO2o (%) 97 (95, 99) 96 (95, 99) 98 (91, 100) 97 (96, 98) 0.02 (0.01, 0.04)

SvO2o (%) 82 (78, 85) 82 (79, 86) 82 (73, 85) 82 (78, 83) 0.04 (0.03, 0.07)

StO2o (%) 57 (53, 67) 59 (52, 67) 54 (53, 57) 57 (56, 66) 0.12 (0.09, 0.16)

Hbto (μM) 47 (39, 54) 49.7 (40, 55.8) 42.7 (34, 45.5) 50.2 (41.5, 66.3) 0.12 (0.07, 0.19)

BFIo (cm2/s ×10−9) 9.3 (5.9, 12.3) 8.63 (4.84, 11) 9.87 (8.36, 12.3) 10.4 (5.9, 12.9) 0.23 (0.19, 0.47)

μ’s,o (785 nm) 1/cm 3.8 (3.2, 4.8) 4.61 (3.83, 4.85) 3.63 (3.17, 5.39) 3.63 (2.93, 3.82) 0.26 (0.18, 0.35)

μa,o (785 nm) 1/cm 0.11 (0.09, 0.12) 0.11(0.10, 0.12) 0.10 (0.09, 0.10) 0.11 (0.10 0.14) 0.09 (0.04, 0.22)

DCSx 0.13 (−0.30, 0.61) 0.17 (−0.20, 0.57) 0.43 (−0.37, 0.71) −0.10 (−0.30, 0.25) 0.86 (−0.32, 1.14)

All measurements were taken at baseline, e.g., X0. PF: pump flow, MAP: mean arterial pressure, PP: pulse pressure, SaO2, SvO2: arterial/venous 

oxygen saturation, StO2: tissue hemoglobin oxygen saturation, Hbt: tissue hemoglobin concentration, μs’: reduced scattering coefficient, μa: 

absorption coefficient, CV: Coefficient of Variation. All data: median (IQR). Coefficient of variation (standard deviation over mean) was calculated 
for each subject individually before median and IQR were calculated. No correction was made for multiple measurement days on some subjects 
(columns 2–5). Number of measurements: m; number of subjects: n. For 2 subjects with only a single monitoring session, the coefficient of 
variation could not be calculated. The coefficient of variation in DCSx was over three times larger than that of any other parameter.
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