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Abstract

Background: Elevated intracranial pressure (ICP) is an important cause of death following acute liver failure (ALF).
While invasive ICP monitoring (IICPM) is most accurate, the presence of coagulopathy increases bleeding risk in ALF.
Our objective was to evaluate the accuracy of three noninvasive ultrasound-based measures for the detection of
concurrent ICP elevation in ALF—optic nerve sheath diameter (ONSD) using optic nerve ultrasound (ONUS); middle
cerebral artery pulsatility index (PI) on transcranial Doppler (TCD); and ICP calculated from TCD flow velocities (ICPtcd)
using the estimated cerebral perfusion pressure (CPPe) technique.

Methods: In this retrospective study, consecutive ALF patients admitted over a 6-year period who underwent
[ICPM as well as measurement of ONSD, TCD-PI or ICPtcd were included. ONSD was measured offline by a blinded
investigator from deidentified videos. The ability of highest ONSD, TCD-PI, and ICPtcd to detect concurrent invasive
ICP>20 mmHg was assessed using receiver operating characteristic (ROC) curves. The ROC area under the curve
(AUC) was calculated with 95% confidence interval (95% Cl) and evaluated against the null hypothesis of AUC=0.5.
Noninvasive measures were also evaluated as predictors of in-hospital death.

Results: Forty-one ALF patients were admitted during the study period. In total, 27 (66%) underwent IICPM, of these,
23 underwent ONUS and 21 underwent TCD. Eleven out of 23 (48%) patients died (two from intracranial hyperten-
sion). Results of ROC analysis for detection of concurrent ICP >20 mmHg were as follows: ONSD AUC=0.59 (95% Cl
0.37-0.79, p=0.54); TCD-PI AUC=0.55 (95% Cl 0.34-0.75, p=0.70); and ICPtcd AUC=10.90 (0.72-0.98, p < 0.0001).
None of the noninvasive measures were significant predictors of death.

Conclusions: In patients with ALF, neither ONSD nor TCD-PI reliably detected concurrent ICP elevation on invasive
monitoring. Estimation of ICP (ICPtcd) using the TCD CPPe technique was associated with concurrent ICP elevation.
Additional studies of TCD CPPe in larger numbers of ALF patients may prove worthwhile.

Keywords: Fulminant hepatic failure, Cerebral edema, Intracranial hypertension, Ultrasonography, Transcranial
Doppler ultrasonography

Introduction an important cause of death and disability in ALF [1-3].

Acute liver failure (ALF), defined by the onset of hepatic
encephalopathy and coagulopathy within 26 weeks of ill-
ness onset, may be associated with severe cerebral edema
and raised intracranial pressure (ICP) [1]. Elevated ICP is
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Cerebral edema is hypothesized to occur as a result of
ammonia accumulating in glial cells, which then is con-
verted to glutamine, resulting in an osmotic gradient and
cellular edema [2, 4]. Vasodilatation and cerebral hyper-
perfusion may also play a role [2, 4]. Monitoring of ICP
may permit therapeutic intervention before cerebral
herniation and devastating brain injury occurs. Inva-
sive ICP monitoring (IICPM) remains the gold stand-
ard for the measurement of ICP and frequently reveals
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otherwise unsuspected intracranial hypertension. We
recently reported our experience with protocol-based use
of IICPM in ALF [5]. Sustained intracranial hyperten-
sion was detected in 13/24 (54%) comatose ALF patients,
while 5/24 (21%) required the highest therapeutic inten-
sity level (TIL) for control of ICP, including the use of
barbiturate coma or therapeutic hypothermia. However,
ALF patients are coagulopathic by definition and are at
risk of intracranial hemorrhage following monitor inser-
tion [6, 7].

Noninvasive monitoring of ICP may therefore be espe-
cially useful in this disease. Two promising ultrasound
techniques for ICP assessment are optic nerve ultra-
sound (ONUS) and transcranial Doppler (TCD). Similar
to the mechanism that results in papilledema, elevated
ICP is transmitted through the subarachnoid space and
results in distension of the optic nerve sheath (ONS) [8].
While papilledema may take hours or days to develop,
distension of the ONS may occur rapidly following an
ICP elevation [8]. Sonographic measurement of the ONS
diameter (ONSD) may, therefore, detect ICP elevation
[9-15]. The optimal ONSD threshold to detect raised
ICP has greatly varied between studies, raising concerns
about the clinical value of this technique. In addition to
ONUS, ICP may also be noninvasively assessed using two
different TCD techniques. The technique described by
Czosnyka et al. involves estimation of the cerebral per-
fusion pressure (CPPe), and thereby the ICP (ICPtcd),
through measurement of cerebral blood flow velocities
[16]. Elevated ICP may also be reflected in the Gosling
pulsatility index (PI), which is the ratio of the difference
between the peak-systolic and end-diastolic velocities
and the mean flow velocity recorded on TCD [17]. These
ultrasound-based measures may be the most promising
as screening tools to exclude the presence of intracranial
hypertension at the time of assessment.

Our primary objective was to examine the ability of 3
ultrasound-based measures—ONSD, ICPtcd, and TCD-
PI—to exclude a concurrent ICP elevation on gold-
standard measurement with IICPM, in the setting of
ALF. Secondary objectives included the assessment of the
accuracy of these measures for concurrent ICP elevation
and to examine these measures as predictors of mortality
in ALF.

Methods

All patients entered in our institutional ALF-ICP data-
base between 2011 and 2017 who underwent IICPM as
well as a noninvasive assessment (ONUS or TCD) were
eligible. Additional inclusion criteria were age > 12 years,
use of IICPM and performance of at least one noninva-
sive assessment concurrently with IICPM. Subjects were

excluded when all available noninvasive measurements
were found to be of suboptimal quality on blinded review.

ALF-ICP Database

In 2011, a written protocol for the use of [ICPM in ALF
was put in place at our institution. This included criteria
for patient selection, steps to reverse coagulopathy prior
to insertion, timing of insertion, and a requirement for
computed tomography (CT) imaging in all patients prior
to and following monitor insertion. In view of the risk
involved, a quality control database was created to track
complications, the frequency with which intracranial
hypertension requiring therapy occurred and patient out-
comes. The neurosurgery and neurointensive care teams
were routinely consulted to assess eligibility for IICPM in
ALF patients admitted to the intensive care unit (ICU).
All such patients were entered into the ALF-ICP data-
base. Prospectively entered data included demograph-
ics, baseline variables, CT imaging details, use of IICPM,
data on sustained ICP elevations at any time, therapeu-
tic measures directed at ICP control, outcome at hospi-
tal discharge, and follow-up information on outcome
obtained at subsequent clinic visits up to 6 months. The
therapeutic intensity level (TIL-Basic) for control of ICP,
as described in traumatic brain injury (TBI), was esti-
mated as shown in Table 1 [18]. A point-of-care ultra-
sound (POCUS) assessment was routinely performed
on these patients, contingent on operator availability. All
POCUS findings relevant to ICP assessment were pro-
spectively entered into the database, including ONSD
and TCD measurements. We have previously reported
our experience with IICPM in ALF using this database
[5].

Invasive ICP Monitoring

Protocol criteria for the use of IICPM in ALF included a
Glasgow Coma Scale<9 and West Haven encephalopa-
thy grade 4 [5]. The IICPM protocol excluded patients
with an absence of brainstem signs, inability to reverse
coagulopathy per protocol and nonsurvivable illness. The
protocol for reversal of coagulopathy prior to monitor
insertion is shown in Table 2. All patients underwent a
noncontrast CT scan of the brain prior to and within a
24-hour following monitor insertion. Sustained intracra-
nial hypertension at any time during the admission was
defined as an ICP>20 mmHg for>10 min in an hour
with the patient at rest. Note that this database entry
was distinct from ICP elevation at the time of ultrasound
assessment, which was used to validate the noninvasive
measurements.
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Table 1 Therapeutic intensity level—basic: a standardized
scale of therapeutic intensity directed at control of intrac-
ranial pressure, based on the highest attained level for the
duration of the patient’s ICU stay

TIL 0: no specific ICP-directed therapy
TIL 7—basic ICU care
Sedation for ventilator/endotracheal tube tolerance
Volume/vasopressors for non-CNS cause (e.g., sepsis, myocardial injury)
Head-up positioning (ventilator bundle)
Normocapnia (PaCO2 > 40 mmHg)
TIL 2—mild
Higher levels of sedation
Vasopressors/volume for CPP support
Low-dose osmotic therapy
Mild hypocapnia (PaCO2 4.6-5.3 kPa; 35-40 mmHg)
CSF drainage < 120 ml/day (<5 ml/h)
TIL 3—moderate
Higher doses of osmotic therapy
Moderate hypocapnia (PaCO2 4.0-4.5 kPa; 30-35 mmHg)
Mild hypothermia (> 35 °C)
CSF drainage > 120 ml/day (>5 mil/h)
TIL 4—extreme
Profound hypocapnia (PaCO2 < 4.0 kPa; < 30 mmHg)
Hypothermia < 35 °C
Metabolic suppression for control of ICP
Surgery for refractory ICP (decompression, lobectomy)

CNS central nervous system, CPP cerebral perfusion pressure, CSF cerebrospinal
fluid, ICP intracranial pressure, ICU intensive care unit, PaCO2 partial pressure of
carbon dioxide, TIL therapeutic intensity level

Optic Nerve Ultrasound

All ONUS examinations were performed using a Son-
oSite” M-Turbo (SonoSite Inc., Bothell, WA, USA)
point-of-care ultrasound machine and a L25 linear array
transducer with ophthalmic preset, by neurointensiv-
ists who had performed a minimum of 50 examinations
and typically performed at least 5-10 examinations per
month. The ONUS examination was performed within
24 h of the initial assessment, with the first examination
typically performed prior to the insertion of an invasive
monitor. Measurement of ONSD was then taken daily,
while the patient was in the ICU, as part of a POCUS
assessment that also included TCD. Performance of
ONUS and TCD was, however, subject to availability
of a neurointensivist with expertise in the appropriate
examination. The head of bed was maintained between
30 and 45 degrees at the time of the ultrasound evalua-
tion. Video clips of 6-10 s duration were recorded from
each eye and bedside ONSD measurement performed
from still images in the axial plane only. The sonogra-
pher was not blinded to the patient’s ICP at the time of
image acquisition and bedside ONSD measurement. All
recorded ONUS videos were, however, downloaded in
the Digital Imaging and Communications in Medicine
format and deidentified for the purposes of this study.
An investigator then measured the ONSD from these
deidentified videos 3 mm behind the globe using a stand-
ard, previously described measurement technique [14].
The ONSD used in this analysis was, therefore, measured
offline by an investigator blinded not only to the con-
current invasive ICP, but all of the clinical details of the

Table 2 Protocol for reversal of coagulopathy prior to and following insertion of ICP monitor

Coagulopathy reversal protocol
. Coagulation parameters to be achieved prior to procedure:
a. Transfusion of pooled platelets to goal platelet count > 50,000/cm?
b. Transfusion of cryoprecipitate to goal fibrinogen level > 100 mg/d|
Il. Immediately before start of procedure

a. Single dose of desmopressin 0.3 mcg/kg IV administered prior to ICP monitor placement

b. Recombinant factor Vlla 80 mcg/kg IV over 2-5 min. Following administration of rFVila, ICP monitor insertion was performed without repeat laboratory

testing to confirm a decrease in the INR

c. Placement of the ICP monitor within 60 min of administration of the rFVlla dose, clipping, and skin preparation to begin within 15-30 min of

administration of rFVlla

d. FFP 10 cc/kg infused at the time of monitor insertion regardless of INR

Il Post-procedure

Repeat laboratory evaluation every 6 h and correction of coagulopathy, if safe and feasible, to the following goal parameters for a period of 24 h fol-

lowing placement of the ICP monitor
a. Platelet count > 50,000/cm?

b. Fibrinogen > 100 mg/dl
cINR<15

Maintenance of these goals for 24 h could be omitted if the patient was thought to be at high risk of harm from blood product transfusions

FFP fresh frozen plasma, ICP intracranial pressure, INR international normalized ratio, rFVila recombinant factor Vlla
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patient. The ONSD was measured by the blinded inves-
tigator from all ONUS videos recorded, while an inva-
sive ICP monitor was in place. The highest among these
blinded ONSD measurements was then evaluated against
the invasive ICP simultaneously measured at the time of
that specific ONUS study, recorded by the sonographer
at the time of the examination. Since this was not a pro-
spectively designed diagnostic study unlike some other
studies of ONSD [10], the mean of 3 consecutive meas-
urements could not be obtained. The clinician perform-
ing the POCUS assessment did so for clinical purposes
and typically recorded only one study of optimal quality
from each eye during each session. Criteria for adequate
quality of video images prior to measurement of ONSD
included clear definition of both margins of both the
optic nerve and the optic nerve sheath extending from
the posterior margin of the sclera posterior to the globe
(Fig. 1).

Transcranial Doppler

A transcranial color-coded sonography (TCCS) study
was typically performed along with ONUS, although not
all patients underwent TCCS. The TCCS study was per-
formed using the same ultrasound machine, with a P21
phased-array transducer and transcranial preset. Opera-
tors were American Society of Neuroimaging certified

in neurosonology and performed approximately 10-30
TCD studies per month. The M1 segment of the mid-
dle cerebral artery was evaluated on both sides, using
an angle of insonation of no more than 30°. Angle cor-
rection was not performed, as is standard practice at
our institution, since angle-corrected velocities are con-
sistently higher [19] and have not been as extensively
validated against clinical endpoints such as cerebral
vasospasm and hyperemia. They are therefore harder to
interpret from the standpoint of clinical decision mak-
ing. Peak-systolic velocity (PSV), end-diastolic velocity
(EDV), time-averaged peak velocity (TAPV), and a Gos-
ling were measured in each vessel. The PI was calculated
automatically using the formula (PSV-EDV)/TAPV [20].
As with ONUS, the sonographer was not blinded to
the patient’s ICP at the time of the examination. Unlike
manual measurement of ONSD, however, which was
subsequently performed by a blinded investigator, all
TCD measurements used in the analysis were automati-
cally derived from the spectral Doppler waveform by the
ultrasound machine. The mean arterial pressure (MAP)
and invasive ICP simultaneously measured at the time of
the TCD examination were recorded by the sonographer.
The MAP was measured via a radial or femoral arterial
catheter with the transducer leveled to the phlebostatic
axis, rather than the tragus. A noninvasive CPPe was
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invasive intracranial pressure (ICP) of 21 mmHg

Fig. 1 Optic nerve sheath diameter (ONSD) measurement. Image depicts a magnified view of the posterior globe and retrobulbar region, with the
optic nerve (OpN) visible as a linear hypoechoic structure within the optic nerve sheath (OpNS). Caliper A depicts a point 3 mm posterior to the
extrapolated posterior scleral border, at which point the ONSD is measured by Caliper B. In this sample image, ONSD is 0.70 cm, concurrent to an
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then estimated using the formula described by Czosnyka
et al [16]. The MAP was then subtracted from the CPPe
to obtain the ICPtcd.

CPPe = MAP * (EDV/TAPV)
ICPtcd = MAP — CPPe

The highest PI and ICPtcd recorded in the database
while an ICP monitor was in place were evaluated against
the simultaneously measured invasive ICP recorded by
the sonographer at the time of that specific study.

Outcomes of Interest

The highest recorded ONSD was evaluated exclusively
against the invasive ICP measured simultaneously at the
time of ONSD measurement, while the highest PI and
highest calculated ICPtcd were evaluated against the
invasive ICP recorded simultaneously at the time of the
specific TCD examination from which these values were
derived. Noninvasive assessments prior to or nonconcur-
rent with IICPM were not included in the analysis. We
chose the single highest recorded noninvasive measure
in the database for evaluation against the simultaneous
gold-standard measurement since our primary goal was
to examine the ability of these tests to exclude intracra-
nial hypertension with high confidence (high negative
predictive value). We studied the ability of noninva-
sive techniques to detect a concurrent ICP>20 mmHg.
A secondary outcome was all-cause mortality for the
admission.

Management Protocol

Clinical management of ALF was based on a compre-
hensive institutional ALF protocol based on the recom-
mendations of the ALF study group. While all POCUS
findings, including ONSD and TCD measurements, were
communicated to the primary clinical team, changes in
ICP management were primarily based on IICPM, as per
the clinical practice prevalent at the time of this study. All
patients received TIL-1 (basic ICU) care (Table 1). Ther-
apy was then escalated as necessary (Table 1) to maintain
ICP<20-25 mmHg and the cerebral perfusion pres-
sure (CPP)>50-60 mmHg. Hypertonic saline (3% NaCl
infusion and 23.4% NaCl bolus dosing) was mostly used
for hyperosmolar therapy, in conjunction with a high-
sodium dialysate in patients requiring renal replacement
therapy. Intracranial hypertension refractory to standard
therapy (TIL-4) was managed with a barbiturate coma
and/or hypothermia to 32-34 °C using the Arctic Sun®
(Medivance Inc., Louisville, CO, USA) external hydrogel
device.

Statistical Analysis

Descriptive statistics included a proportion with per-
centage for categorical variables and median with inter-
quartile range (IQR) for continuous variables. The
significance of association between categorical variables
was tested using the Chi-square or Fisher’s exact test,
as appropriate. The Mann—-Whitney U test was used
to evaluate the significance of differences in continu-
ous variables between two groups. An intraclass coef-
ficient was calculated, and scatter diagrams plotted, to
study agreement between noninvasive (calculated using
the TCD CPPe technique) and simultaneously meas-
ured invasive CPP as well as ICP. A Bland—Altman plot
was constructed to study agreement between simultane-
ous ICPtcd values and simultaneous ICP measurements
obtained via IICPM. Receiver operating characteristic
(ROC) curves were constructed to evaluate the ability of
ONSD, ICPtcd, and PI to detect concurrent ICP elevation
on IICPM, defined as an ICP >20 mmHg. An area under
the curve (AUC) with a 95% CI was calculated for ROC
curves and evaluated against the null hypothesis of an
AUC=0.5. If this null hypothesis was rejected (p <0.05),
the optimal value to identify elevated ICP was derived
from the ROC curve. A negative predictive value (NPV),
sensitivity, specificity, and positive predictive value (PPV)
for this value were calculated. This analysis was then
repeated for an ICP threshold of >25 mmHg. All statisti-
cal analysis was performed using MedCalc for Windows,
version 17.9.7 (MedCalc Software, Ostend, Belgium).

Results

A total of 41 patients with ALF were entered into the
database during the period of the study. A total of 27/41
(66%) patients underwent IICPM, of these 21 under-
went ONUS and TCD, while two additional patients
underwent ONUS alone because of poor transtemporal
acoustic windows for TCD examination. Four patients
who underwent IICPM did not undergo any ultrasound
assessment, because an appropriately trained sonog-
rapher was unavailable. The distribution of baseline
variables in patients who underwent IICPM and were
included in this study (n=23), as well as the distribution
of all variables related to ICP measurement and manage-
ment (including all noninvasive and invasive measures),
is shown in Table 3. Eleven of 23 patients (48%) died; two
of these were caused by intracranial hypertension. Eleven
(48%) developed sustained ICP elevation at any time. Five
(22%) required a TIL>2; 4 of these required a TIL of 4.
As previously reported, only one patient who underwent
IICPM suffered any hemorrhage; this was an asympto-
matic 5-mm subdural hematoma in a patient who recov-
ered spontaneously without deficit [5].
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Table 3 Distribution of variables in all patients and according to the occurrence of sustained ICP elevation on IICPM

at any time
Variable All patients Sustained ICP elevation on IICPM Sustained ICP elevation on IICPM P value
(N=23) at any time present at any time absent
(N=11) (N=12)

Presenting clinical features

Age in years—median (IQR) 41 (23) 31(24) 42 (22) 041

Gender—female (%) 17 (74%) 10 (91%) 7 (58%) 0.16

Days from symptom onset to admis- 3(4) 3(7) 2(3) 049
sion—median (IQR)

GCS at time of assessment for IICPM— 3(6) 3(2) 5(4) 032
median (IQR)

West Haven grade at time of assessment 4 (0) 4 (0) 4 (0) 1.00
for ICPM—median (IQR)

Etiology—acetaminophen toxicity (%) 14 (61%) 6 (55%) 8 (67%) 0.36

Mean arterial pressure in mmHg— 70 (31) 72 (30) 70 (35) 0.99
median (IQR)

pCO2 in mmHg—median (IQR) 27 (9 23 (6) 29(8) 0.05

Ammonia in mcg/dl—median (IQR) 119 (99) 114 (66) 162 (105) 0.09

Sodium in mmol/L—median (IQR) 141 (8) 141 (10) 141 (9) 0.45

pH—median (IQR) 7.39(0.16) 7.38 (0.09) 742 (0.18) 0.65

INR prior to monitor placement— 33(14) 35(1.7) 3.0(1.5) 0.21
median (IQR)

Platelet count in 10° per microliter— 102 (112) 102 (116) 94 (114) 0.83
median (IQR)

Fibrinogen mg/dl—median (IQR) 154 (115) 169 (128) 150 (95) 0.52

Acute renal failure (%) 19 (83%) 9 (82%) 10 (83%) 1.00

APACHE Il score—median (IQR) 28 (9) 27 (9) 29 (10) 0.79

Listed for LT (%) 6 (26%) 3 (27%) 3 (25%) 1.00

Liver transplantation (LT) performed (%) 4 (17%) 2 (18%) 2 (17%) 1.00

ICP assessment and management

Diffuse sulcal effacement on CT (%) at 5(22%) 3 (27%) 2 (17%) 0.64
time of initial assessment

Basal cistern effacement on CT (%) at 2 (9%) 1 (9%) 1 (8%) 1.00
time of initial assessment

Diffuse sulcal effacement on CT (%) at 11 (48%) 5 (46%) 6 (50%) 1.00
any time

Basal cistern effacement on CT (%) at 4(17%) 3 (27%) 1(8%) 032
any time

ONSD maximum in ccn—median (IQR) 0.67 (0.07) 0.67 (0.07) 0.67 (0.09) 0.57

TCD MCATAPV maximum in cm/s— 67 (50) 83 (72) 62 (37) 0.19
median (IQR)

ICPtcd maximum in mmHg—median 17(12) 19 (13) 13(7) 0.07
(IQR)

Pulsatility index maximum—median 1.03(0.37) 1.01(0.25) 1.13(0.64) 0.57
(IQR)

ICP at time of monitor insertion in 1109 18 (30) 11(4) 0.32

mmHg—median (IQR)




286

Table 3 continued

Variable All patients Sustained ICP elevation on [ICPM Sustained ICP elevation on IICPM Pvalue
(N=23) at any time present at any time absent
ICP maximum at any time in mmHg— 24 (29) 45 (10) 17 (6) N/A
median (IQR)
Therapeutic intensity level—median 2(1) 2(2) 1(0) 0.00001
(IQR)
TIL> 2 required 5 (22%) 5 (45%) 0 (0%) 0014

P value in final column refers to a bivariate test of significance between the specific variable and the occurrence of sustained ICP elevation at any time during the

admission

APACHE Il acute physiology and chronic health evaluation 2, CT computed tomography, GCS Glasgow Coma Scale, ICP intracranial pressure, ICPtcd intracranial
pressure estimated using transcranial Doppler, ICPM invasive intracranial pressure monitoring, INR international normalized ratio, /QR interquartile range, LT liver
transplantation, MCA middle cerebral artery, ONSD optic nerve sheath diameter, TAPV time-averaged peak velocity, TCD transcranial Doppler, TIL therapeutic intensity
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optic nerve sheath diameter (ONSD) for the detection of intracranial
pressure (ICP) >20 mmHg on concurrent invasive ICP monitoring

Optic Nerve Sheath Diameter

At least one video of adequate quality was identified for
all 23 patients who underwent ONUS and IICPM. The
median highest ONSD was 0.68 (IQR 0.08) in patients
with ICP<=20 mmHg on concurrent invasive monitor-
ing and 0.67 (IQR 0.08) in patients with ICP>20 mmHg
(p=0.53). The ROC for the ability of the highest meas-
ured ONSD to detect a concurrent ICP>20 mmHg on
IICPM (Fig. 2) demonstrated an AUC of 0.59 (95% CI
0.37-0.79, p=0.54). There was no statistically signifi-
cant difference in the median highest measured ONSD

between survivors (0.68 cm, IQR 0.07) and patients who
died (0.66 cm, IQR 0.09, p =0.53).

Transcranial Doppler Pulsatility Index

TCD PI measures were available in 21 patients. The
median highest PI was 1.03 (IQR 0.52) in patients with
ICP<=20 mmHg on concurrent invasive monitoring
and 1.01 (IQR 0.18) in patients with ICP>20 mmHg
(p=0.77). The ROC for the ability of the highest meas-
ured PI to detect a concurrent ICP>20 mmHg on
IICPM demonstrated an AUC of 0.55 (95% CI 0.34-0.75,
p=0.70). There was no statistically significant difference
in the median highest measured PI between survivors
(1.02, IQR 0.34) and patients who died (1.03, IQR 0.35,
»=0.20).
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Fig. 4 Scatter diagram of intracranial pressure estimated (ICPtcd)
with transcranial Doppler (TCD) using the Czosnyka method versus

intracranial pressure (ICP) measured with invasive monitoring

Transcranial Doppler CPPe/ICPtcd

TCD CPPe/ICPtcd measures were available in 21
patients. The median highest ICPtcd was 12 (IQR 9) in
patients with ICP<=20 mmHg on concurrent inva-
sive monitoring and 28 (IQR 10) in patients with
ICP>20 mmHg (p=0.006). The Intraclass Correlation
Coefficient for CPP vs CPPe was 0.86 (95% CI 0.67-0.94)
and for ICP vs ICPtcd was 0.66 (0.31-0.85), scatter plots
in Figs. 3, 4. The Bland—Altman plot of ICPtcd vs concur-
rent ICP on IICPM is shown in Fig. 5. The ROC for the
ability of the highest measured ICPtcd to detect a con-
current invasive ICP>20 mmHg (Fig. 6) demonstrated

an AUC of 0.90 (95% CI 0.72-0.98, p<0.0001). An
ICPtcd >18.55 mmHg demonstrated a NPV of 100% (95%
CI 74-100%), sensitivity of 100% (48—100%), specificity
of 81% (58-95%), and PPV 56% (34—75%) for the detec-
tion of concurrent ICP>20 mmHg. ROC analysis for an
ICP >25 mmHg threshold revealed AUC 0.93 (0.76—0.99,
»<0.0001). An ICPtcd>19 mmHg demonstrated NPV
100% (78-100%), sensitivity 100% (40—100%), specificity
86% (65—97%), and PPV 57% (32—-79%) for the detection
of concurrent ICP>25 mmHg. There was no statisti-
cally significant difference in the median highest meas-
ured ICPtcd between survivors (14 mmHg, IQR 9) and
patients who died (17 mmHg, IQR 12, p=0.80).

Discussion

We evaluated the accuracy of noninvasive ultrasound-
based techniques for the detection of intracranial
hypertension in ALFE. Both ONSD and TCD-PI proved
inaccurate for the detection of concurrent ICP eleva-
tion and did not demonstrate a significant association
with mortality. The estimated ICP, using the TCD CPPe
method, demonstrated a high NPV for the exclusion of
concurrent ICP elevation. Noninvasive estimation of ICP
has always had appeal in the setting of ALF, a condition
associated with both life-threatening intracranial hyper-
tension and coagulopathy. In a study of 22 pediatric ALF
patients in 2000, ONSD predicted mortality [21]. Sub-
sequent studies of ONUS and TCD in ALF have mostly
been confined to case reports or limited case series [22—
24]. It is crucial, however, that any new diagnostic tool for
the detection of a life-threatening condition, with thera-
pies that have serious side effects, be validated against
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Fig. 6 Receiver operating characteristic (ROC) curve of intracranial
pressure (ICP) estimated using transcranial Doppler (ICPtcd) for the
detection of ICP >20 mmHg on concurrent invasive ICP monitoring

the gold standard—in this case, IICPM. Therein lies the
challenge in the evaluation of noninvasive ICP measure-
ment tools, since ALF is itself an uncommon disease and
relatively few liver centers routinely perform IICPM. This
is the only study thus far to have directly evaluated these
bedside noninvasive techniques against the gold standard
of concurrent invasive measurement in ALF.

The most important finding of our study is that ONSD
is inaccurate for the detection of concurrent ICP eleva-
tion. ONUS has, perhaps, been the most promising and
best studied of the available noninvasive ICP assessment
tools. Several investigators, including our group, have
reported that ONUS may accurately detect elevated ICP
in critically ill patients with neurological illness [9-15].
The ONUS examinations in this study were performed by
individuals with considerable experience with the tech-
nique. There are several possible reasons for the discrep-
ancy between these prior studies and the current study.
The pathophysiology of elevated ICP in ALF is funda-
mentally different from the mechanism in hydrocepha-
lus, stroke or TBI. It is also possible that ONUS may not
be as accurate for the detection of elevated ICP as some
earlier studies have suggested. At least one other study
has demonstrated poor correlation between ONSD and
measured ICP in TBI [25]. The wide variation in opti-
mal ONSD for the detection of elevated ICP, incomplete
blinding in some studies (with the sonographer aware

of the patient’s actual ICP, the clinical details leading up
the examination or both), limited dynamic range of the
measurement, potential influence of artifact, variations in
technique, and a possible drop in accuracy in the setting
of prolonged or fluctuating ICP elevation have all been
reasons to consider ONUS an investigational tool rather
than one that is ready for routine clinical use [9-14, 26—
28]. Further prospective studies of ONUS, with multiple
different sonographers, more complete blinding, and
larger sample size (NCT02618226) are currently under-
way and may better define its role in clinical practice [29].
Given the very limited accuracy seen in our study, how-
ever, ONUS should not currently be used to guide clinical
management in the setting of ALF.

The role of TCD in ALF has previously been investi-
gated in small studies [30-33] and an elevated PI pro-
posed as an indicator of poor outcome [30, 33]. The poor
accuracy of TCD-PI for the detection of elevated ICP and
prediction of outcomes in our study has several possible
explanations. In this setting, the PI is used as a measure
of distal resistance, caused by cerebral edema and ele-
vated ICP. ALF is, however, associated with both vasodil-
atation and cerebral edema [2], and the combined effect
on the distal vasculature, and therefore the PI, is unclear.
In a study by de Riva et al., the TCD-PI was an imper-
fect predictor of cerebrovascular resistance [34]. An
elevated PI has long been acknowledged to be a nonspe-
cific finding, and the TCD-PI may be heavily influenced
by the MAP and CO2 [20, 34, 35]. Our finding that the
ICPtcd estimated using the CPPe technique may reliably
exclude ICP elevation is promising but should be consid-
ered preliminary only and requires validation in a larger
cohort. While other studies—primarily in TBI—have
found ICPtcd to be accurate [16, 36, 37], larger studies
are essential. The Bland—Altman analysis (Fig. 5) dem-
onstrated a wide standard deviation, which may have
considerable impact on the value of this tool in clinical
practice. Changes in the MAP, an integral part of the
formula and subject to much variability in ALF patients,
may have a substantial impact on the derived CPPe. Fac-
tors such as pneumoperitoneum and the Trendelenburg
position have been shown to elevate ICPtcd [38]. A mul-
ticenter study by Rasulo et al. did demonstrate a system-
atic overestimation of ICP using the CPPe technique [37].
While we did not find a similar systematic overestima-
tion, ICPtcd may in fact be most useful as a screening
tool to exclude intracranial hypertension. It is essential
that future validation studies involve multiple sonogra-
phers, explicitly standardized technique and effective
blinding, in addition to concurrent measurement with
the gold standard. The inability of ICPtcd to predict mor-
tality is not entirely surprising, since elevated ICP is no
longer the leading cause of death in ALF [5, 39].
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Since existing noninvasive tools are either inaccurate
or need further evaluation, the optimal strategy for the
detection of life-threatening intracranial hypertension
in ALF is open to question. While several variables are
associated with ICP elevation [39, 40], they are imper-
fect predictors. Elevations in ICP may not respond to
first- and second-line therapies (TIL 1 and 2 measures)
[5]. Ongoing assessment of ICP—either through direct
measurement or some other forms of clinical evalua-
tion—is therefore necessary. The clinical neurological
examination alone is insufficient—a state of deep unre-
sponsiveness may be a result of ICP elevation, or from the
metabolic impact of hyperammonemia [2, 5]. Therapeu-
tic measures should be initiated prior to the development
of a significant pupillary asymmetry, which heralds cer-
ebral herniation and potentially irreversible injury. Signs
of diffuse cerebral edema on CT have also been shown
in several studies to not predict sustained ICP elevation
in this population [5, 41]. While no easy answer exists,
our previously published experience suggests that, until
an appropriate alternative is identified, intraparenchymal
ICP monitoring can be performed in high-risk patients
with a low rate of complications [5]. Strict adherence to a
protocol that standardizes patient selection and compre-
hensive coagulopathy reversal is essential.

Our study has several limitations. This was a retrospec-
tive single-center study, although data entry was prospec-
tive. Our sample size was small, as is to be expected in any
single-center study of ALF that involves the use of IICPM,
and was insufficient for any meaningful multivariate analy-
sis of predictors of sustained ICP elevation. However, this
has been done in larger published studies [39, 40]. Acqui-
sition of both ONUS and TCD images at the bedside
were performed by individuals who were not blinded to
the invasive ICP or CPP. The ONSD, however, was meas-
ured offline by an investigator blinded to both concurrent
ICP and the clinical details of the patient. TCD measures
used in the analysis (TAPV, EDV, and PI) were not meas-
ured offline from the waveforms by a blinded investiga-
tor. They were, however, derived automatically by the
ultrasound machine software at the time of the examina-
tion and were therefore relatively objective measures and
may not have been as prone to error from a lack of blind-
ing as the ONSD. As previously mentioned, since this was
not a prospectively designed study, we could not obtain
the mean of 3 consecutive evaluations—the sonographer
typically recorded only one optimal quality ONUS study
from each eye, for clinical purposes. We chose the single
highest noninvasive measure for the admission to evaluate
against the simultaneously measured invasive gold stand-
ard because our primary goal was to evaluate the ability of
these noninvasive tests to exclude intracranial hyperten-
sion (high negative predictive value). Only two patients

died as a consequence of intracranial hypertension; there-
fore, noninvasive measures could not be studied as predic-
tors specifically of death from cerebral edema or elevated
ICP. There were insufficient serial noninvasive measures
recorded in the database to study changes in these meas-
ures as predictors of intracranial hypertension or outcome.

In conclusion, in patients with ALF, ONUS, and TCD-PI
were inaccurate for the detection of concurrent ICP eleva-
tion. ICPtcd using the TCD CPPe technique achieved a
high negative predictive value for exclusion of ICP eleva-
tion on concurrent invasive monitoring. None of the non-
invasive measures evaluated predicted mortality.
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