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Abstract

Background—Single ventricle patients experience a high rate of brain injury and adverse
neurodevelopmental outcome, however, the incidence of brain abnormalities throughout surgical
reconstruction and its relationship with cerebral blood flow, oxygen delivery and carbon dioxide
reactivity remains unknown.

Methods—Single ventricle patients were studied with MRI scans immediately prior to
bidirectional Glenn (pre-BDG), prior to Fontan and then 3-9 months after Fontan reconstruction.

Results—One hundred and sixty eight consecutive subjects recruited into the project underwent
235 scans: 63 pre-BDG (mean age 4.8+1.7 months), 118 BDG (2.9+1.4 years) and 54 after Fontan

Correspondence: Mark A. Fogel, MD, FACC, FAHA, FAAP, The Children’s Hospital of Philadelphia, Division of Cardiology, 34th St.

and Civic Center Blvd., Philadelphia, PA 19104, Phone: 215-590-7566, FAX: 215-590-5825 fogel@email.chop.edu.
Clinical Trial Registration: www.clinicaltrials.gov. Identifier: NCT02135081

Disclosures
Dr. Fogel receives grants from Edwards Life Sciences and AMAG.


http://www.clinicaltrials.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fogel et al. Page 2

(2.4+1.0 years). Non-acute ischemic white matter changes on T2 weighted imaging, focal tissue
loss, and ventriculomegaly were all more commonly detected in BDG and Fontans compared to
pre-BDG (P<0.05). BDG patients has significantly higher CBF than Fontan patients. The odds of
discovering brain injury adjusting for surgical stage as well as 2 or more co-existing lesions within
a patient all decreased (63-75% and 44% respectively) with increasing amount of cerebral blood
flow (P<0.05). In general, there was no association of oxygen delivery (with the exception of
ventriculomegaly in the BDG group) or carbon dioxide reactivity with neurological injury.

Conclusion—Significant brain abnormalities are commonly present in single ventricle patients
and detection of these lesions increase as children progress through staged surgical reconstruction
with multiple co-existing lesions more common earlier than later. In addition, this study
demonstrated that BDG patients had greater CBF than Fontan patients and that there exists an
inverse association of various indices of CBF with these brain lesions, however, CO5 reactivity,
oxygen delivery (with one exception) were not associated with brain lesion development.

Keywords

Heart defects-congenital; Cerebrovascular disorders; Magnetic resonance imaging; Pediatrics;
Fontan procedure

Besides a high risk of mortality and adverse outcomes,! single ventricle patients undergoing
staged surgical reconstruction culminating in the Fontan operation face a well-known
concern for poor neurologic outcome due to both brain injury and delayed
maturation.2345.6.7 This has presumably led to the findings of poor neurodevelopmental
outcome in this patient population.8:2:10.11 The etiology of these brain lesions is
multifactorial and includes genetics, cyanosis and numerous surgeries which involve
cardiopulmonary bypass and deep hypothermic circulatory arrest. In addition, the multiple
surgeries these children undergo change their physiology, pulmonary and systemic blood
flow patterns and hemodynamics over the course of their vulnerable first years of life which
may also contribute to the genesis of this issue.

The purpose of this study was to determine the prevalence of brain abnormalities in single
ventricle patients as they progress through staged surgical reconstruction and if a link exists
between cerebral blood flow (CBF) and oxygen delivery (O,D) with cerebral abnormalities.
Patients were assessed by cardiac magnetic resonance (CMR) and brain magnetic resonance
imaging (MRI) immediately prior to hemiFontan or bidirectional Glenn (pre-BDG),
immediately prior to Fontan (BDG) and 3-9 months after Fontan. We speculated that the
CBF, O,D and CO» reactivity (i.e., hypercarbia increases CBF) at various stages would
correlate with brain abnormalities. The importance of these findings are not only to
determine the etiology of such lesions but may lead to important changes in the approach to
surgical and medical management of these patients in order to preserve maximal neurologic
function.
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Material and Methods

Patients

This was a single center, NIH sponsored, prospective study of single ventricle patients
throughout staged surgical reconstruction; all were enrolled from April 2009 — June 2014.
The inclusion criteria included any patient < 10 years of age with single ventricle physiology
undergoing elective cardiac reconstructive surgery at our institution. The patient needed to
be stable enough to undergo an approximately 1-hour CMR and MRI scan under general
anesthesia. Exclusion criteria included contraindication to CMR and MRI imaging (e.g.,
pacemakers or any contraindicated ferromagnetic material). Demographics obtained
included age, gender, body surface area, diagnosis and stage of surgical reconstruction.
Informed consent for participation was obtained from all participants’ families. The
hospital’s Institutional Review Board approved the prospective study and all patients gave
informed consent.

Study procedure

Patients underwent a CMR and MRI immediately prior to heart surgery for pre-BDG and
BDG and 3-9 months after Fontan completion. In those prior to surgery, the patient was
prepared in the operating room with intravenous and arterial line placement; all participants
were administered general anesthesia of nitrous oxide and sevoflourane of < 1 MAC, were
paralyzed, endotracheally or nasotracheally intubated and mechanically ventilated using a
minute ventilation to achieve a PaCO, of 40+2 mm Hg. The patient was then transported via
stretcher to the adjacent scanner (Siemens Avanto 1.5 Tesla whole body MRI system,
Siemens Medical Solutions, Malvern, PA). The patient was placed in the supine position,
head first into the scanner utilizing the 6-channel head coil and 8-channel body array coil; all
imaging was performed at isocenter. Baseline CBF and CMR imaging was performed before
3-7 % CO, was instilled into the inhaled gas to create hypercarbic conditions, increasing
CBEF; this lasted 15-20 minutes during which time cerebral anatomy imaging was
performed. At the end of the 20 minutes of hypercarbia measurement of flows were
repeated. Hypercarbic conditions aimed for a PaCO» in the 60s mm Hg on arterial blood gas.
In those who were 3-9 months after Fontan, only room air conditions were studied since an
arterial line was not present to measure arterial blood gases. Studies lasted approximately
one hour; afterwards, the patient was immediately removed from the scan room and
transported either to the operative suite where surgery was performed or to the recovery area.
On completion of the MR, the study was read by a staff neuroradiologist and a
determination made to proceed to surgery or to wake child in discussions with the
neurologist and surgeon.12

CMR and MRI Protocol
To measure CBF and oxygen delivery, two methodologies were used; a) phase contrast
magnetic resonance (PCMR) and b) arterial spin labeling (ASL).

A PCMR: After localizers, a stack of static steady state free precession images of
the thorax were obtained to assess cardiovascular anatomy and to obtain the
exact slice positions and orientations for retrospective, ECG-gated, through plane

Circulation. Author manuscript; available in PMC 2018 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fogel et al.

Page 4

PCMR which was performed across: a) right and left jugular veins, b) superior
(SVC) and c) the aorta or neoaorta. Velocity encodings (VENC) across the veins
were initially performed at 60 cm/sec and 150 cm/sec across the aorta; if blood
flow exceeded that, a higher VENC was then used. Multiple excitations were
used to offset respiratory motion. The sum of the jugular veins was considered
CBF and O,D was calculated from CBF and arterial blood gas using the
following equation:

0,D = CBF * ([0.003 * PO,] + [1.34 * O,sat * Hgb])

where PO, = partial pressure of oxygen (mm Hg), Ojsat is the oxygen saturation
(%) and Hgb is the hemoglobin content (g/dl).

ASL.: This perfusion technique uses magnetically labeled arterial blood water as
a nominally diffusible flow tracer. The pseudocontinuous “pCASL” sequence is a
modified version of the flow-sensitive alternating inversion recovery (FAIR)
technique.13:14 For optimal labeling, a hyperbolic secant (HS) inversion pulse is
generated using the MATPULSE softwarel® with 15.36ms duration, 17uT RF
amplitude and 95% tagging efficiency. A gradient of 0.7mT/m is applied along
with the HS pulse during tag, while the HS pulse is applied in the absence of
gradient during control. The slab of the slice-selective inversion is 10cm thick.
The saturation pulse is applied to a 10 cm slab adjacent and inferior to the
selective inversion slab. A delay time (w) is inserted between the saturation and
excitation pulses. Imaging parameters were: matrix size = 64x64, TR/TE =
3000/29ms, slice thickness = 8mm with 2mm gap. Seven slices were be acquired
sequentially from inferior to superior using a gradient echo EPI sequence, and
each slice acquisition took about 80ms. The FOV was 20-22 cm.

To assess cerebral anatomy, gradient localizers were used to locate the brain and were used
as a basis to perform the following anatomic brain imaging:

1.

3D volumetric T1-weighted MPRAGE (Magnetization Prepared Rapid
Acquisition Gradient Echo: TR/TE/T1=1980/2.65/1100, flip angle=159, slice
thickness 1.5 mm, matrix 256x256)

3D volumetric T2-weighted SPACE (Sampling Perfection with Application
optimized Contrasts using different flip angle Evolution): TR/TE=3200/453,
slice thickness 2 mm, matrix 256x254)

3D susceptibility-weighted imaging (SWI: TR/TE=49/40, slice thickness 2 mm,
matrix 256x177)

Diffusion-weighted imaging (TR/TE=2903/86 ms, slice thickness=4 mm, three b
values of 0, 500, and 100 mm/s2, matrix 128x128)

2D T2-weighted coronal imaging (TR/TE=6000/112, slice thickness 4 mm, no
gap, matrix 448x336).

All images in native form and multiplanar reformat were reviewed by a pediatric
neuroradiologist (AV) who was blinded to the results of CBF and O,D. Abnormalities
identified included non-acute ischemic changes on T2 weighted imaging, periventricular

Circulation. Author manuscript; available in PMC 2018 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fogel et al.

Statistics

Results

Page 5

leukomalacia (PVL), focal tissue loss and atrophy (indicating sub-acute and chronic stroke),
ventriculomegaly, and finally, susceptibility weighted imaging (SWI1) evaluation of cerebral
venous prominence (due to high deoxyhemoglobin levels), choroid plexus susceptibility
(due to bleeds or high deoxyhemoglobin levels), and cerebral parenchymal microbleeds.
Definitions of these abnormalities are in table 1.

Descriptive statistics were used and recorded as mean + standard deviation. CBF measured
using PCMR was indexed to BSA as well as to aortic flow and brain volume (as a percent).
Predictors of brain lesions included CBF, CBF/brain volume (grams), O,D, O,D/brain
volume as well as CBF g (ml O2/100 grams of brain tissue/minute). CBF reactivity was
calculated by dividing the difference between CBF in room air and CBF in hypercarbia with
the difference in PCO, between the 2 conditions; the same was performed with O,D.
Logistic or ordinal regression models within each surgery stage (pre-BDG, BDG, and
Fontan) separately were utilized as an exploratory analysis for the relationships of CBF,
0O,D, CBF measured using PCMR indexed to BSA, and CBFag, with brain abnormalities.
As multiple tests were performed, we used a P-value of 0.003 as a threshold for the results
from these models. Mixed-effects linear regression models with random intercepts (MLRM)
were applied to examine the change in the CBF outcomes across the three surgery stages.
Logistic regression models using generalized estimating equations (GEE) were used to
compare stages of surgery as well as to assess the relationships of CBF, O,D, CBF measured
using PCMR indexed to BSA, and CBFag_ with brain abnormalities after adjusting for stage
of surgery. Random intercept Poisson regression models (PRM) were used for count data. A
P-value < 0.05 was considered significant. MLRM, logistic regression models using GEE,
and PRM account for correlations arising from the repeated measures. Stata 14.2 (Stata corp,
College Station, TX) software was used to conduct statistical analyses. We applied
Benjamini and Hochberg false discovery rate (FDR) method® to derive corrected P-values
to address the issue of multiple testing. We used Bonferroni procedure for the post hoc
comparisons among 3 groups for CBF.

Study Population

One hundred and sixty eight single ventricle patients who underwent 235 MRI scans
comprise the study population; 60 subjects underwent 127 scans at different surgical stages.
Figure 1 is a flow diagram of the distribution of scans at each stage as well as how many
subjects had multiple scans; demographics of the patients at each stage are listed in table 2.

Brain lesions and stage of surgical reconstruction

Stage of surgical reconstruction had a significant effect on the types of lesions observed.
Table 3 lists all the brain lesions present as raw data on the MRI scans of the entire cohort
while table 4 lists the significant differences noted by surgical stage (statistically non-
significant differences not shown). Periventricular leukomalacia (PVL) was more common
in BDG than either pre-BDG or Fontans. SWI venous prominence was more common in
pre-BDG than in BDG or Fontan (prominent vs normal or prominent vs borderline); these
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were more common in BDG than Fontan for borderline vs normal and prominent vs normal.
Table 5 lists what was felt to be the 3 most important brain lesions and grouped for biologic
plausibility (atrophy=generalized atrophy+focal tissue loss and atrophy, developmental
malformations=developmental defects+delayed myelination and
hemorrhage=interventricular hemorrhage+ gross intracranial hemorrhage; acute ischemic
changes and periventricular leukomalacia (PVL), also thought to be important, are listed in
table 4).

Because multiple brain abnormalities may co-exist in the same patient, the entire cohort was
divided into those with > 2 brain lesions and those with less. Stage of surgery had a
significant effect on the number of brain abnormalities (P=0.0001). Pre-BDG and BDG had
more patients with > 2 (N=59, 97% and N=102, 90% respectively) than those in the Fontan
group (N=37, 70%) with odds ratios of 13.6 and 4.1 respectively (P=0.01 and 0.0005
respectively). Table 6 lists the number of brain abnormalities according to surgical stage for
those who underwent multiple scans. Pre-BDG had 45% and BDG had 29% more brain
abnormalities than those after Fontan (P=0.01 and 0.03 respectively).

Examples of brain lesions observed are demonstrated in figures 2-5.

of brain lesions with CBF

For the entire group, CBF indexed to aortic flow, brain volume and CBFag was not
associated with brain lesions in the pre-BDG group. In Fontan, with one percent increase in
CBF the odds of non-acute ischemic changes on T2 decrease by 7.8% (P=0.0003) and the
odds of prominent SWI venous prominence compared to combined normal and borderline
SWI venous prominence decreases by 4.2% (P=0.0025).

Results from the logistic regression analysis using GEE for the relationships of brain
abnormalities with CBF/BSA and CBFag_ after adjusting for stage effect were presented in
table 7 and table 8, respectively. Correcting for multiple testing, the odds of non-acute
ischemic changes on T2, focal tissue loss and atrophy, and SWI veins (borderline vs normal)
all decrease (by 63, 75, and 73% respectively) with 1% increasing amount of CBF by
PCMR. For CBF by pCASL, with one unit increase, the odds of PVL and focal tissue loss
and atrophy all decreased (by 33 and 9% respectively).

For those patients with serial MRI scans, figure 6 demonstrates the change in CBF/BSA and
pCASL across stages. Results from the MLRM reveal that the BDG patients had
significantly higher CBF/BSA and CBF as measured by pCASL than Fontan patients
(P=0.005 and P=0.01 respectively).

In analyzing the number of co-existent brain lesions, for the entire cohort, the odds > 2 brain
lesions decreases by 34% with one unit increase in CBF/BSA (P=0.01) and this result stayed
significant after adjusting for surgery (a decrease of 44% with one unit increase in CBF/
BSA, P=0.0061). For those with serial MRIs, a one unit increase in CBF/BSA within a
subject was associated with 20% decrease in the number of brain abnormalities after
adjusting for surgery (P=0.01).

Circulation. Author manuscript; available in PMC 2018 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fogel et al. Page 7

Association of Brain lesions with O,D

There was no significant effect of O,D on brain abnormalities across all 3 stages of surgical
reconstruction with the exception of ventriculomegaly in the BDG stage, where a 1 unit
increase in CBF decreased the odds of definite ventriculomegaly compared to combined no
and borderline ventriculomegaly by 1% (P=0.05).

Association of brain lesions with reactivity

No significant effect was noted on the reactivity on the odds of observing brain
abnormalities.

Discussion

This study is the first to investigate brain abnormalities throughout staged surgical
reconstruction in single ventricle patients both as a cross section and with serial imaging.
Our data demonstrated that significant brain injuries are commonly present in single
ventricle patients and that there is an accumulation of the number of patients with injury
(such as non-acute ischemic changes, atrophy, and ventriculomegaly) as the children
progress to Fontan; while this may be expected, it is the first time that this has been
documented. Exceptions to this generalization include PVL (more commonly seen at the
BDG stage), SWI venous prominence, choroid plexus susceptibility, and open operculum
which were all more common in pre-BDG. PVL is easily detectable in the neonate and
young infant, but small foci of punctate white matter PVL injury typically fade over time
and hence may no longer be detectable by standard MRI. Similarly, the operculum gradually
closes as the brain matures. Prominence of the cerebral veins on susceptibility weighted
imaging is closely related to excessive relative level of deoxyhemoglobin in the cerebral
vessels, which was shown to decrease after the pre-BDG stage. Similarly, choroid plexus
susceptibility is due to relative deoxyhemoglobin levels and also small choroid plexus
bleeds. This appearance also decreased after the pre-BDG stage.

A greater number of patients pre-BDG and BDG groups demonstrated more co-existing
brain abnormalities than Fontan patients. This would be expected as brain abnormalities in
this study are a function of being congenital (eg developmental malformations, operculum),
acquired (eg stroke), healing and detectability. For example, an infant may have an
operculum and PVL, both of which may not be evident on magnetic resonance because of
closure of the operculum and decreasing the detectability of PVVL as the patient ages.

This study also demonstrated an inverse association of various indices of CBF with these
brain abnormalities (i.e., higher CBF, the lower the incidence of abnormalities), either as a
single lesion or multiple co-existent abnormalities. CO, reactivity and oxygen delivery (with
the exception of ventriculomegaly in the BDG group), however, were not associated with
brain lesion development. Note that there may be some overlap between the brain injury
variables evaluated in this study, such as between atrophy and ventriculomegaly, or between
non-acute ischemic T2 changes and focal tissue loss which were accounted for in the 3-5
main groups we chose. However, we chose all these variables to capture a larger number of
features.
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Neonates and infants with congenital heart disease undergoing magnetic resonance have
been found to have significant brain lesions before and after cardiac surgery,2717.18.19 the
incidence increasing with brain immaturity.2 In the case of single ventricle lesions, reasons
for preoperative neurological injury may include genetic syndromes, low cardiac output,
events such as cardiac arrest, fetal and neonatal ischemia as well as cyanosis causing
hypoxia. Postoperatively, cardiopulmonary bypass and deep hypothermic circulatory arrest
as well as cerebral emboli may also contribute to the development of cerebral lesions in
addition to the preoperative causes. Although cardiopulmonary bypass and hypothermic
circulatory arrest could cause expansion and progression of cerebral hemorrhage by
heparinization of an already damaged brain,?! there is debate in the literature as to whether
these procedures do*18:19 or do not22:23 put patients at risk. Our study clearly demonstrated
that many neurologic lesions become greater in the number of patients affected as they
undergo an increased number of surgeries; whether that has to do with surgical factors alone
or other factors such as the natural course of the disease remains a question. It also should be
noted that white matter injury is easier to visualize in the myelinated vs unmyelinated brain
which would make it more likely to be identified in the older versus the younger brain.
Stroke risk increases with time in single ventricle24 and chronic hypoxia may increase risk
for white matter injury and loss of cortical volume.

The frequency of abnormalities consistent with focal stroke in the pre-BDG stage in our
study was ~15% (acute and non-acute ischemic changes + focal tissue loss). There are a
number of reports of pre-operative stroke in the literature in single ventricle patients
undergoing neonatal surgery ranging from Miller et al with 8%17 to Andropolous et al2°
with 14% and Block et al?3 with 17% of patients. Our number is consistent with their
studies.

The inverse association of CBF with the various neurological injuries seen in single ventricle
patients, adjusting for stage of surgery, although suggesting a link between these cerebral
hemodynamics and anatomy, does not parse out cause and effect. Decreased CBF may be an
etiology for or may be caused by anatomic brain abnormalities. Other studies have found
this same inverse association; for example, Licht et al demonstrated the inverse link between
CBF and periventricular leukomalacia in a study of 25 term infants with congenital heart
disease® while Fukuda et al found this in two studies, one with 362° and one with 67 low
birth weight infants.26 Reila et al. showed that regional CBF was decreased in the region of
the lesions in Sturge-Weber syndrome in children,2” however, this has been also
demonstrated in adults; for example, Doi et al?8 found microbleeds inversely associated with
CBF in Alzheimer’s disease.

This study utilized both PCMR and PCASL to measure CBF; each technique has its own
advantages and disadvantages including differences in accuracy, the wider availability of
PCMR and its ability to yield velocity as well as the anatomic and regional delineation of
CBF that PCASL can acquire. In addition, PCASL generally has lower signal-to-noise than
PCMR although jugular PCMR will not account for smaller posterior cerebral draining
vessels. Finally, PCASL measures blood in the brain while PCMR measures blood draining
from the brain. All these factors may be the reason why PCMR and PCASL both correlated
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with focal tissue loss and atrophy but PCMR correlated with SW1 veins and non-acute
ischemic changes (PCASL did not) while PCASL correlated with PVL (PCMR did not)

There was no association detected between O,D and CO, reactivity with cerebral injury
with one exception. As O,D was a global measurement, the lesions found may not have
impacted or be caused by a “global measurement” as opposed to a “regional” measurement.
As for CO5, reactivity, injury may either increase or decrease CBF or be variable because of
loss of regulatory centers. If it is random or based on other physiologic factors such as total
cardiac index or amount of aortic to pulmonary collateral flow,29 then it is no surprise that
there is no systematic correlation either way. Similarly, CO5 reactivity was a global
measurement and the same reasoning may apply. It is true that CBF was also a global
measurement, however, the total amount of blood flow appears to be more important than
O,D.

One significance of this study is that various lesions on brain MRIs in children30:31.32.33 a5
well as decreased CBF34:35:36.37.38,39 have been correlated with adverse neurodevelopmental
outcome. The mechanism for neurological injury alone impairing outcome is clear. In
addition, the brain requires a certain amount of CBF to function independent of neurological
injury of which a recent review of 25 studies bears this out.#? In a study by Koide et al,*1
CBF and cognitive function was measured in 14 bradycardic adults before and after
pacemaker implantation. Prior to implantation, verbal cognitive function was lower in
bradycardic patients than in age-matched control subjects, however, after pacemaker
implantation, both CBF and verbal intelligence improved. Combining the concepts of
neurodevelopment, anatomic brain lesions and CBF with poor neurodevelopmental
outcomes in single ventricle patients2:10.11 presents a plausible mechanism for these less
than optimal results. In our study of patients with serial MRISs, those in the BDG stage had
higher CBF/BSA than Fontan patients. We speculate that techniques to improve cerebral
preservation as well as increase CBF (for example, increasing cardiac output) or possibly
even leaving patients in the BDG stage for as long as hemodynamically possible may lead to
optimizing neurological outcome. In the least, measurement of CBF and identification of
brain abnormalities may enhance recognition of single ventricle patients at risk for poor
outcome and facilitate early intervention if appropriate. Studies are currently underway to
address this speculation.

Limitations

Our study cannot make a recommendation on the routine use of preoperative brain MRI or
CBF throughout staged surgical reconstruction because of a lack of knowledge on whether it
might contribute to poor outcomes in patients who do not receive preoperative brain MRIs
although this study suggests this strategy may be useful and have clinical implications;
further investigations are underway to make a definitive statement.

As previously noted, this investigation makes an association between CBF and neurologic
injury and does not tease out cause and effect. A longer range, more complicated study
design would be needed to determine this.

Circulation. Author manuscript; available in PMC 2018 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fogel et al. Page 10
Due to the lack of painful stimuli patients did not require deep levels of anesthesia and
therefore anesthetic levels were kept as light as possible (< 1 MAC) while measuring CBF;
this may have had an effect on CBF. Additionally, sevoflourane was chosen as the anesthetic
which has the least effect on CBF.

Conclusion

Significant brain abnormalities are commonly present in single ventricle patients and
detection of these lesions increase as children progress through staged surgical
reconstruction with multiple co-existing lesions more common earlier than later. In addition,
this study has demonstrated an inverse association of various indices of CBF with these
brain lesions, however, CO, reactivity and oxygen delivery (with the exception of
ventriculomegaly in the BDG group) were not associated with brain lesion development. We
speculate that techniques to improve cerebral preservation as well as increase CBF may lead
to optimizing neurological outcome and that measurement of CBF and identifying brain
abnormalities may be able to identify single ventricle patients at risk for poor outcome;
studies are currently underway to address this speculation.
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Clinical Perspective
What is new

. Significant brain abnormalities are commonly present in single ventricle
patients with detection of these lesions increasing as children progress
through staged surgical reconstruction.

. In addition, there exists an inverse association of various indices of cerebral
blood flow with these brain lesions.

What are the clinical implications

. Cerebral blood flow and neurologic injury are potentially modifiable factors
that may impact neurodevelopmental outcomes and quality of life

. In addition, measurement of cerebral blood flow and identification of brain
abnormalities may enhance recognition of single ventricle patients at risk for
poor outcome and facilitate early intervention if appropriate.
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Figure 1. Breakdown of single ventricle patients studied by stage of surgery
Numbers on the right represent the number of patients with multiple scans and those at the

bottom represent those with a single scan only.
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Figure 2. Example of acute ischemia on diffusion imaging and cerebral veins on susceptibility
weighted images (SWI)
ADC-=apparent diffusion coefficient, DWI=diffusion weighted imaging.
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Figure 3. Example of generalized atrophy and ventriculomegaly

Circulation. Author manuscript; available in PMC 2018 February 14.

Page 17

Severe

T2



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Fogel et al. Page 18

_ Non-acute
Intraventricular .
Ischemic
hemorrhage
changes
SWI T2
Punctate
microbleeds PVL
SWI 11

Figure 4. Example of intraventricular hemorrhage on susceptibility weighted images (SW1), non-
acute ischemic changes, punctate microbleeds on SW1 and punctate periventricular
leukomalacia (PVL)
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Figure 5. Example of choroid plexus susceptibility and focal tissue loss and atrophy
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Figure 6. Plot of cerebral blood flow / body surface area (CBF/BSA) (A) and pCASL (B) in
patients with serial MRIs. There were 24, 57 and 43 scans in patients at the pre-BDG, BDG and
Fontan stage respectively for a total of 124 scans in 60 patients. See figure 1 and table 6 for

further delineation of patients with serial scans
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Definitions of brain abnormalities

Table 1

Brain Abnormality*

Definition

Acute Ischemic Changes

Any acute ischemia and infract seen in the brain based on
diffusion weighted imaging trace maps and apparent
diffusion coefficient maps

PVL

Lesions with typical appearance and location of
periventricular leukomalacia, including punctate white
matter injury

Nonacute Ischemic T2 Changes

Focal lesions without acute ischemic findings that are likely
to be result of prior ischemia based on imaging appearance
and which follow vascular territories

Delayed Myelination

Assessment of myelination based on well established norms
of myelination progression on the basis of T1-weighted and
T2-weighted images

Developmental Defect (Malformation)

Any congenital malformation of the brain

Generalized Atrophy

Diffuse volume loss in the brain

Focal Tissue Loss & Atrophy

Any non-diffuse focal loss and atrophy of brain
parenchymal tissue

Ventriculomegaly

Enlargement of the ventricles due to any cause; may or may
not be associated with generalized volume loss

Intracranial hemorrhage — gross (acute or
chronic)

Detection of gross brain parenchymal or extra-axial
hemorrhage, acute or chronic, based on any combination of
imaging sequences

Intraventricular Hemorrhage

Presence of any new or old intraventricular hemorrhage

Operculum Whether the Sylvian operculum remains widely open or has
normally closed
SWI Veins Presence or absence of abnormal prominence of the cortical

and medullary veins based on susceptibility weighted
imaging maximum intensity projection images

Choroid Plexus Susceptibility

Presence or absence of susceptibility in either choroids
plexus on susceptibility weighted imaging

*
Note that while these classifiers are distinct, there may often be overlap in some of the features for a particular lesion or patient.
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Table 2
Demographics of patients at each imaging instance
Pre-BDG BDG Fontan Total
N=63 N=118 N=54 N=235
Male 40 (64%) 70 (60%) 37 (69%) 147 (64%)
Female 23 (37%) 48 (41%) 17 (32%) 88 (37%)
Age in years ™ 045+013 325096 392%122 264+163
(range) (0.27-0.78) (2.08-7.64) (2.13-8.36) (0.27-8.36)
Height (cm) 63.2+6.20 91.7+14.04 97.3+11.79 857+17.93
Weight (kg) * 6.30+1.12 13.4+2.96 15.7 +£3.02 121+4.41
BSA (m?) * 0.33+0.04  0.58+0.10 0.64 +0.09 0.53+0.15
Time from prior 49+15 29 +14.6 8.6+5.3 18.1 +15.7
surgery to MRI
(months) *
Heart rate (BPM) r 136 £ 25 116 + 20 115+ 20 121 +23
Systolic BP 107 £ 26 110+ 23 99 + 16 107 + 23
(mm Hg) 7
Diastolic BP 54+ 16 64 +20 53+17 50+19
(mm Hg)§
Hemoglobin (mg/dl) 135+ 1.72 155+1.83 N/A 14.8 +2.02
PO, in RA/PO, in 458+4.05/ 51.7+7.19/ N/A -
hypercarbia 51.5+6.13 60.3 +8.94
O2satin RA/O2sat  79.6+4.77/ 83.9+6.73/ N/A -
in hypercarbia 76.5+7.32 83.1+6.24
Cardiopulmonary 84.6+2739 61.1+27.77 70.0+1821 685+27.20
bypass time
(minutes)
Circulatory arrest 43.1+1469 28.0+1866 265+981 31.3+16.89
Time (minutes)
Morphology
HLHS 40 62 28 130
Tricuspid Atresia 7 8 3 18
DORV 6 12 6 24
Pulmonary Atresia 4 11 8 23
Unbalanced AVC 3 13 4 20
TGA 0 4 0 4
DILV 0 4 4 8
Other 3 4 1 8

*
P<0.05 for comparison between all 3 groups,

#

P<0.05 for comparison between all 3 groups except BDG to Fontan,

7

P<0.05 for comparison between BDG to Fontan.

§P<0.05 for comparison between all 3 groups except pre-BDG vs Fontan.

AVC=atrioventricular canal, BP=blood pressure, BPM=beats per minute, BSA (m2)=body surface area in meters squared cm=centimeters,

Page 23

DILV=double inlet left ventricle, DORV=double outlet right ventricle, HLHS=hypoplastic left heart syndrome, Kg=kilograms, mg/dl=milligrams/
deciliter, mm Hg=millimeters of mercury, TGA=transposition of the great arteries.
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Table 3

Descriptive data of brain abnormalities divided by surgical stage

Brain Abnormality, N (%) Pre-BDG BDG Fontan Total
Nonacute Ischemic T2 Changes

No 57(93) 70(62) 37(70) 164 (72)
Yes 4(7) 43(38) 16(30) 63 (29)
Acute Ischemic Changes

DWI/ADC

No 60(99)  112(99) 53 (100) 225 (99)
Yes 2(3) 1(1) 0(0) 3(1)
PVL

No 52(84)  65(59) 39(72) 156 (69)
Yes 10 (16)  46(41) 15(28) 71(31)
Generalized Atrophy

No 61(98)  102(90) 49 (91) 212 (92)
Borderline 1(2) 6 (5) 3(6) 10 (4)
Yes 0 (0) 6 (5) 2 (4) 8 (4)
Focal Tissue Loss & Atrophy

No 58(94)  87(78) 44(82) 189 (83)
Yes 4(7) 24(22) 10(19) 38(17)
Ventriculomegaly

No 47(76)  73(64) 33(62) 153 (67)
Borderline 12(19) 22(19) 13(25) 47(21)
Yes 3(5) 19(17)  7(13)  29(13)
SWI veins

Normal 1(2) 25(22) 29(54) 55(24)
Borderline 5(8) 58 (51) 17(32) 80 (35)
Prominent 55(90) 30(27) 8(15)  93(41)
Choroid Plexus Susceptibility

No 5 (8) 43(38) 44(81) 92 (40)
Yes 56(92)  70(62) 10(19) 136 (60)
Delayed Myelination

No 60(97) 110(99) 53(98) 223 (98)
Yes 2(3) 1(1) 1(2) 4(2)
Intracranial Hemorrhage — Gross

(Acute or Chronic)

No 54(87)  107(95) 49 (93) 210(92)
Yes 8 (13) 6 (5) 4(8) 18 (8)
Developmental Defect

(Malformation)

No 59(95) 107 (95) 51(94) 217 (95)
Yes 3(5) 6 (5) 3(6) 12 (5)

Intraventricular Hemorrhage
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Brain Abnormality, N (%) Pre-BDG BDG Fontan Total
No 58(97) 112(98) 53(98) 223 (98)
Yes 2(3) 2(2) 1(2) 5(2)
Operculum
Closed 30(49) 107(95) 51(94) 188 (83)
Open 31 (51) 6 (5) 3(6)  40(18)
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Table 4

Page 26

Logistic Regression Analysis with Generalized Estimating Equations of Brain Abnormalities (Only significant

differences are shown)

Endpoints Odds ratio (95% CI) P value
Non-acute Ischemic T2 Changes 0.0001
BDG vs. pre-BDG 8.75 (3.173, 24.150) <0.0001
Fontan vs. pre-BDG 6.16 (2.007, 18.916) 0.0015
Fontan vs. BDG 0.70 (0.418, 1.185) 0.1866
PVL 0.0002
BDG vs. pre- BDG 3.68 (1.834, 7.383) 0.0002
Fontan vs. pre- BDG 2.00 (0.896, 4.462) 0.0905
Fontan vs. BDG 0.54 (0.329, 0.899) 0.0175
Ventriculomegaly

Yes vs. No 0.0237
BDG vs. pre- BDG 2.84 (1.342, 6.028) 0.0064
Fontan vs. pre- BDG 2.53(1.205, 5.319) 0.0142
Fontan vs. BDG 0.89 (0.667, 1.187) 0.4269
SWI veins

Borderline versus Normal 0.0008
BDG vs. pre- BDG 0.48 (0.055, 4.229) 0.5099
Fontan vs. pre- BDG 0.12 (0.014, 1.077) 0.0583
Fontan vs. BDG 0.25 (0.119, 0.543) 0.0004
Prominent versus Normal <0.0001
BDG vs. pre- BDG 0.02 (0.003, 0.179) 0.0004
Fontan vs. pre- BDG 0.01 (0.001, 0.043) <0.0001
Fontan vs. BDG 0.23 (0.096, 0.557) 0.0011
Prominent versus Borderline <0.0001
BDG vs. pre-BDG 0.05 (0.016, 0.127) <0.0001
Fontan vs. pre-BDG 0.04 (0.011, 0.142) <0.0001
Fontan vs. BDG 0.88 (0.351, 2.221) 0.7911
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Descriptive data of grouped brain abnormalities divided by surgical stage

Table 5

Brain Abnormality, N (%) Pre-BDG BDG Fontan Total
Atrophy

No 57(92)  82(73) 40(74) 179 (78)
Yes 5 (8) 31(27) 14(26) 50 (22)
Developmental Malformations

No 57(92)  104(95) 50(93) 211 (93)
Yes 5 (8) 6 (6) 4(7) 15 (7)
Hemorrhage

No 51(85)  105(93) 48(91) 204 (90)
Yes 9 (15) 8(7) 59  22(10)
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Table 6

Number of brain lesions in individual patients by surgery

# of brain abnormalities

(%) Pre-BDG BDG Fontan  Total
0 (None) 1(4) 4 91 14(11)
1 0 (0) 10 (18) 11(26) 21(17)
2 521) 15(26) 7(16) 27(22)
3 9(38) 10(18) 6(14) 25(20)
4 3(13) 6(11) 7(16) 16 (13)
5 3(13) 8(14) 1) 12(10)

6 2(8) 2(4) 0(0) 4(3)

7 1(4) 2(4) 2(5) 5(4)
Total 24 57 43 124%

Data are presented as frequency count and percentage.

*
3 uninterpretable data sets leaving 124 instead of 127 scans
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Table 7

Logistic Regression Analysis with Generalized Estimating Equations of Brain Abnormalities using CBF as
measured by PCMR indexed to BSA as a covariate

Endpoints Odds ratio (95% CI) P value

Non-acute Ischemic Changes T2

Yes versus No 0.61 (0.43, 0.87) 0.0061
Periventricular Leukomalacia

Yes versus No 0.88(0.71, 1.10) 0.27
Focal Tissue Loss & Atrophy

Yes versus No 0.50 (0.32, 0.77) 0.002
Ventriculomegaly

Borderline versus No 1.00 (0.95, 1.04) 0.89

Yes versus No 0.58 (0.32, 1.05) 0.0704

Yes versus Borderline 0.57 (0.32, 1.00) 0.0496
SWI veins

Borderline versus Normal 0.52 (0.34,0.79) 0.0023

Prominent versus Normal 0.74 (0.51, 1.09) 0.13

Prominent versus Borderline 1.11 (0.73, 1.69) 0.61

Cl, Confidence Interval.

The odds ratio is reported for 0.5 units (~ 1 standard deviation) increase in CBF as measured by PCMR indexed to BSA.
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Table 8

Logistic Regression Analysis with Generalized Estimating Equations of Brain Abnormalities using CBF as
measured by PCASL as a covariate

Endpoints Odds ratio (95% CI) P value

Non-acute Ischemic Changes T2

Yes versus No 0.90 (0.82, 0.99) 0.0299
Periventricular Leukomalacia

Yes versus No 0.67 (0.49, 0.90) 0.0071
Focal Tissue Loss & Atrophy

Yes versus No 0.91 (0.84, 0.97) 0.0082
Ventriculomegaly

Borderline versus No 0.94 (0.76, 1.16) 0.58

Yes versus No 0.92 (0.84,1.01) 0.0717

Yes versus Borderline 0.93 (0.84, 1.04) 0.19
SWI veins

Borderline versus Normal 1.79 (0.77, 4.17) 0.18

Prominent versus Normal 1.41(0.79, 2.53) 0.25

Prominent versus Borderline 0.84 (0.59, 1.18) 0.31

Cl, Confidence Interval.
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The odds ratio is reported for 1 unit (~ 1 standard deviation) increase in CBF as measured by PCASL.
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