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Abstract

Behavioral diagnosis of global disorders of consciousness is difficult and errors in diagnosis occur often. Recent advances in
neuroimaging may resolve this problem. However, clinical translation of neuroimaging requires clinical validation.
Applying the orthodox approach of clinical validation to neuroimaging raises two critical questions: (i) What exactly is being
validated? and (ii) what counts as a gold standard? I argue that confusion over these questions leads to systematic errors in
the empirical literature. I propose an alternative approach to clinical validation motivated by reasoning by consilience.
Consilience is a mode of reasoning that assigns a degree of plausibility to a hypothesis based on its fit with multiple pieces

of evidence from independent sources. I argue that this approach resolves the questions raised by the orthodox approach
and may be a useful framework for optimizing future clinical validation studies in the science of consciousness.
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Introduction

Improvements in intensive care have led to an increased sur-
vival rate among patients who sustain severe brain injuries.
These individuals suffer lost or disordered consciousness for ex-
tended periods of time. The standard method of diagnosis is the
bedside neurobehavioral exam, but misdiagnosis occurs often.
A patient may be misdiagnosed due to misinterpretations of be-
havior, or due to an inherent insensitivity of the method of as-
sessment to awareness, regardless of behavior. Both kinds of
diagnostic errors have profound implications, and may lead to
premature withdrawal of life support, insufficient pain manage-
ment, or misallocation of medical resources. Accurate diagnosis
is imperative, yet assessment of severe brain injury remains
one of the most challenging obstacles of modern medicine.
Recent findings in clinical neuroscience offer a potential
solution. Neuroimaging can detect residual cognitive function
and awareness in some brain-injured patients who appear en-
tirely unresponsive at the bedside. Neuroimaging may provide

information ancillary to neurobehavioral exam that improves
diagnostic accuracy. Yet, which neuroimaging methods have
the greatest diagnostic accuracy is currently unknown.

The orthodox approach of evaluating the diagnostic accu-
racy of a novel diagnostic test, or “clinical validation,” involves
estimating its sensitivity and specificity against a “gold stan-
dard” diagnostic test. This approach to clinical validation is
common in translational research but application to the science
of consciousness is not straightforward and raises two critical
questions. First, what exactly is being validated? And second,
what counts as a gold standard?

In this article, I explicate these questions. I argue that confu-
sion over these questions leads to systematic errors in the em-
pirical literature. The central problem with the orthodox
approach when applied to the science of consciousness is that
the validity of the gold standard cannot be taken for granted. I
propose an alternative approach to clinical validation based on
reasoning by consilience. According to this approach, the valid-
ity of a novel test is determined by the degree to which its
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findings are conciliate with a broad range of evidence from in-
dependent sources. I argue that the consilience approach re-
solves the critical questions raised by the orthodox approach,
and may serve as a useful framework for optimizing future clin-
ical validation studies in the science of consciousness.

Neuroimaging Global Disorders of
Consciousness

Severe brain injury is a leading cause of death and disability
(Thurman et al., 1999; Greenwald et al., 2003). Improvements in
critical care have prolonged the lives of individuals who sustain
severe brain injury, including those who are comatose. Coma is
characterized by unarousable unawareness that lasts approxi-
mately 2 weeks (Young, 2009). The pathophysiology of coma is
damage to the cortex, underlying white matter, or bilateral tha-
lamus (Giacino et al., 2014). Damage to the ascending reticular
activating system prevents comatose patients from breathing
on their own (Young, 2009). Artificial hydration, nutrition, and
ventilation are required.

Following a period of coma some patients may enter into a
vegetative state (also known as unresponsive wakefulness syn-
drome; Laureys et al., 2010). Clinically, this transition coincides
with recovery of spontaneous respiration (Demertzi et al., 2013).
Mechanical ventilation can be safely removed; however, artifi-
cial hydration and nutrition are still required. Behaviorally, the
vegetative state is characterized by dissociation between wake-
fulness and awareness. Vegetative patients will exhibit sleep/
wake cycles yet evidence no concomitant awareness of visual,
auditory, or tactile stimuli. The vegetative state is often referred
to as “wakeful unresponsiveness” (Plum and Posner, 1982;
Multi-Society Task Force, 1994).

A number of vegetative patients may enter into a minimally
conscious state (Giacino et al., 2002). The minimally conscious
state is characterized by sleep/wake cycles and intermittent be-
havioral evidence of awareness. Distinguishing features of the
minimally conscious state include inconsistent command fol-
lowing, purposeful yet minimal language use, visual pursuit, ob-
ject recognition, and localization of painful stimuli. The
pathophysiology of the minimally conscious state is diffuse ax-
onal injury with variable thalamic involvement. The severity of
impairment to the thalamus and specific cortico-thalamic con-
nections is usually greater in vegetative than minimally con-
scious patients. This may explain why vegetative and
minimally conscious patients differ in cognitive processing and
behavior (Giacino et al., 2014).

These conditions are often referred to as “global disorders of
consciousness” (Schiff, 2007; Bayne and Hohwy, 2014). Global
disorders of consciousness are distinct from focal disorders of
consciousness, such as blind-sight, in that the disturbance to
consciousness is global rather than in one kind of conscious
content. Of those who fully recover from global disorders of con-
sciousness, nearly half remain disabled and in need of contin-
ued specialized care (Dikmen et al., 2003).

The standard method for diagnosis of global disorders of
consciousness is the bedside neurobehavioral exam. These
exams assess behavioral evidence of awareness (Multi-society
Task Force, 1994; Giacino et al., 2004). The neurobehavioral
exam—especially the Coma Recovery Scale-Revised (CRS-R)—is
widely deemed the most effective method of assessment, yet
several studies reveal errors and ambiguities in diagnostic accu-
racy (see Seel et al., 2010 for extensive review). Childs et al. (1993)
and Andrews et al. (1996) demonstrate that neurobehavioral

diagnoses of the vegetative state from referring clinicians are
often inaccurate when compared to assessments from special-
ized neurorehabilitation centers. Likewise, Schnakers et al.
(2009) show significant error rates in clinical consensus diagno-
ses of the vegetative state when compared to the CRS-R.
Discordance in diagnoses from different neurobehavioral meth-
ods is consistently between 30% and 40%. In most cases, a pa-
tient is misdiagnosed as being in the vegetative state when, in
fact, she is minimally conscious.

Recent advances in neuroimaging provide information ancil-
lary to neurobehavioral examination and may improve diagnos-
tic accuracy. Several neuroimaging methods have been refined
in clinical populations for this purpose. First, functional mag-
netic resonance imaging (fMRI) mental imagery measures he-
modynamics as participants imagine activities. While lying in
the scanner, patients are instructed to imagine playing tennis
or navigating through their home for sustained and repeated
30-s intervals. Studies involving healthy participants demon-
strate that imagining these activities reliably activates the
supplementary motor area and parahippocampal gyrus, re-
spectively (Boly et al., 2007). Task-appropriate and sustained
activation is interpreted as volitional response to command.
This technique has been effective in assessing command fol-
lowing in vegetative and minimally conscious patients (Owen
et al., 2006; Monti et al., 2010; Fernandez-Espejo and Owen,
2013). Indeed, in one large-scale study, it was found that 4 of
24 clinically vegetative patients were able to modulate their
brain activity to command (Monti et al., 2010).

Second, fluorodeoxyglucose positron emission tomography
(*|F-FDG PET) measures brain metabolism. Patients are injected
with a synthetic compound, *®F-fluorodeoxyglucose, containing
a glucose molecule with the radioactive isotope, florine-18.
Tissue uptake of *®F-fluorodeoxyglucose is a marker of neural
glucose uptake and metabolism. Measurement of isotope emis-
sion allows estimation of glucose metabolism at the whole
brain level.

Several studies have applied this method in global disorders
of consciousness (Laureys et al., 2004; Nakayama et al., 2006;
Thibaut et al., 2012; Stender et al., 2014, 2015, 2016). Quantitative
rates of glucose metabolism in brain regions hypothesized to
support awareness—including the frontoparietal associative
cortices, cingulate gyrus, precuneus, and thalamus—are mark-
edly different in patients when compared to healthy partici-
pants at rest. In one recent study, it was demonstrated that the
resting-state whole brain metabolic rate for vegetative patients
is 42% of normal (Stender et al., 2015). Differences in metabolism
between patients in the vegetative and minimally conscious
states are most pronounced in the frontoparietal associative
cortices.

Third, functional MRI can be used to measure brain activity
during passive exposure to a variety of auditory or visual stim-
uli. Owen et al. (2002) demonstrated characteristic activation of
the fusiform face area in several vegetative patients upon expo-
sure to familiar faces. Coleman et al. (2009) found evidence of
preserved language processing in vegetative and minimally
conscious patients when exposed to sentences containing se-
mantically ambiguous words (e.g. “there were a pair of dates in
the fruit bowl”) versus semantically unambiguous words (e.g.
“there is a beer in the refrigerator”). Naci et al. (2014) recently ex-
tended this approach by exposing patients to a highly engaging
Alfred Hitchcock film. One vegetative patient showed brain ac-
tivity similar to that observed in healthy participants. The time
course of brain activity also matched independent behavioral
ratings of executive demand and suspense. This suggests that
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the patient likely had similar experiences to those of healthy
participants as he watched the film (Naci et al., 2014, p. 14279).

Fourth, neuroimaging can be used to assess the functional
and structural integrity of networks believed to underpin aware-
ness in the resting state. Several recent studies using fMRI
demonstrate deterioration in the functional integrity of the de-
fault-mode-network—an intrinsic cortical network associated
with self-awareness—in global disorders of consciousness
patients (Boly et al., 2009; Vanhaudenhuyse et al., 2009; Demertzi
et al., 2013). Likewise, Fernandez-Espejo et al. (2011) used struc-
tural imaging to show changes of tissue integrity in long-range
cortical-thalamic connections in vegetative patients. It is hypoth-
esized that damage to these connections may inhibit voluntary
control of behavior (Fernandez-Espejo et al., 2015). Finally, several
studies have also identified associations between electrophysio-
logical connectivity and awareness (Chennu et al, 2013; King
et al., 2013). Indeed, Chennu et al. (2013) observed that, in some
patients, electrophysiological evidence of attentional abilities
was associated with performance on an fMRI mental imagery
task. These results have, in part, been effective for predicting re-
covery (cf. Di et al., 2008; Norton et al., 2012). It has also been dem-
onstrated that changes in functional integrity track the
behavioral diagnostic categories of the vegetative and minimally
conscious states (Demertzi et al., 2015).

Several general conclusions can be drawn from this re-
search. First, neuroimaging can contribute to our understanding
of the kinds of misdiagnoses that occur in global disorders
of consciousness patients. One kind of misdiagnosis results
from errors in the interpretation of patient behavior. In princi-
ple, patients could be diagnosed correctly provided that a
neurobehavioral exam is interpreted appropriately. Yet, sev-
eral reasons—including suboptimal physician training or varia-
tion in patient arousal—may prevent accurate observation.
Neuroimaging can provide information ancillary to neurobeha-
vioral scales to highlight and correct this kind of misdiagnosis.

A second kind of misdiagnosis can occur because neurobe-
havioral scales are, in principle, insensitive to awareness unme-
diated by behavior. As reviewed above, a number of patients
who consistently satisfy the behavioral criteria of the vegetative
state can modulate their brain activity to command. These pa-
tients are covertly aware. As such, their misdiagnosis results
from an error in applying the correct method of assessment, not
a misinterpretation of behavior. This latter kind of misdiagnosis
is intriguing as it may recast diagnostic categories in terms of
the mere presence or absence of awareness, rather than behav-
iorally mediated evidence of awareness. Both kinds of misdiag-
nosis suggest that neuroimaging could be a natural compliment
to bedside neurobehavioral exams in difficult cases (Giacino
et al., 2014; Stender et al., 2014).

Additionally, neuroimaging and electrophysiological assess-
ment at the bedside could contribute to more consistent diagno-
ses across medical institutions. Consistent neurobehavioral
evaluation is challenging, and typically requires satisfaction of
at least three conditions: the application of systematic method
of assessment (e.g. the CRS-R), an expert evaluator capable of
applying the method consistently, and repeated examinations
to sufficiently account for arousal variability commonly ob-
served in these patients. Except at specialized referral centers,
one or more of these conditions are often difficult to satisfy.
Neuroimaging and electrophysiological assessment can amelio-
rate this problem by providing compensatory information if
neurobehavioral evaluation is inconsistent.

Finally, neuroimaging may—at least, in the future—improve
the accuracy of prognostication in acutely comatose patients.
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Evidence of preserved cognitive function may distinguish posi-
tive from poor outcomes. The accuracy of this information is
important for families as it may help guide end-of-life decisions
(Weijer et al., 2016).

Clinical Validation: The Orthodox Approach

The effectiveness of neuroimaging in detecting preserved cogni-
tive function and awareness in global disorders of conscious-
ness has motivated calls for inclusion in standard diagnostic
protocol (Laureys et al., 2004; Owen, 2013). Determining which
methods have the greatest diagnostic accuracy, and hence used
in clinical practice, requires clinical validation.

To date, investigators have applied the orthodox approach
of clinical validation to neuroimaging. The orthodox approach
involves determining the diagnostic accuracy of one or more
novel diagnostic tests by comparing them to a gold standard. A
gold standard is a test with the highest regarded diagnostic ac-
curacy for a target condition that is stipulated pro tem for a par-
ticular study. The diagnostic accuracy of a novel test is
estimated by calculating the ratio of false positives and false
negatives it produces as compared to the gold standard. A false
positive, or type I error, occurs when an evaluated diagnostic
test produces an erroneous positive result. A false negative, or
type II error, occurs when an evaluated diagnostic test produces
an erroneous negative result (see Table 1).

The rate of false positives and false negatives bears on
the estimation of sensitivity and specificity. The sensitivity of a
diagnostic test is a function of its ability to detect each and ev-
ery instance of the target condition. Sensitivity is expressed for-
mally as:

Sensitivity = nTP/(nTP + nFN)

As the rate of false negatives increase, the sensitivity of a diag-
nostic test is reduced. By contrast, the specificity of a diagnostic
test is a measure of its ability to uniquely detect a target condi-
tion. Specificity is expressed formally as:

Specificity = nTN/(nTN + nFP)

As false positives increase, the specificity of a diagnostic test is
reduced (see Table 1).

The goal of clinical validation is to determine which diag-
nostic test has the greatest diagnostic accuracy. Tests with the
greatest diagnostic accuracy are ultimately translated into clini-
cal practice. Importantly, there is no single cut off of diagnostic
accuracy required for any diagnostic test to be accepted in diag-
nostic protocol. Ideally, a novel diagnostic test should optimize
a clinician’s ability to detect the majority of cases of a target
condition. Nevertheless, in practice, clinicians must be aware of
the possibility of misdiagnosis and strike a balance between the
risks of different diagnostic errors when formulating a general
picture of a patient’s condition (Peterson et al., 2015).

The orthodox approach is fruitful in many areas of medicine.
In these domains, the science has sufficiently matured and
there is a clear relationship between gold standard diagnostic
methods and the mechanism of disease. In cardiology, for ex-
ample, extensive knowledge of anatomical and electromechani-
cal properties that contribute to cardiac function underlie
interpretations of diagnostic tests. This allows for a clear under-
standing of the mechanisms that contribute to heart failure or
cardiac ischemia, and how the results of different diagnostic
tests corroborate each other. By contrast, theory and
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Table 1. Standard formulae for estimating diagnostic accuracy

Test outcome

Positive result on gold standard

Negative result on gold standard

Positive result on novel test
Negative result on novel test
Calculations

True positive
False negative
Sensitivity = nTP/(nTP + nFN)

False positive
True negative
Specificity = nTN/(nTN -+ nFP)

measurement in the science of consciousness are still in their
infancy. There is no consensus as to the conceptual nature of
consciousness, nor the essential measurable phenomenon that
contribute to the realization of consciousness. This hinders at-
tempts to clinically validate neuroimaging methods in global
disorders of consciousness. As we shall see, an alternative ap-
proach is needed to determine which diagnostic methods are
most accurate.

Two Critical Questions Raised by the Orthodox
Approach

The orthodox approach to clinical validation raises several pe-
rennial philosophical questions about the nature and accuracy
of measurement. How do we know our instruments are accu-
rately measuring a target phenomenon? And, when validating
an instrument, how do we know that the gold standard is itself
valid? (for detailed discussion, see Chang, 2004; Chang and
Cartwright, 2008). These questions cast an important, critical
light on the design of clinical validation studies in the science of
consciousness. In what follows, I explicate two critical ques-
tions raised by the orthodox approach when applied to neuro-
imaging: (i) What exactly is being validated? and (ii) What
counts as a gold standard? I then outline an alternative ap-
proach to clinical validation based on reasoning by consilience.

What exactly is being validated?

A first question raised by application of the orthodox approach
to neuroimaging is, what exactly is being validated? Each neuro-
imaging method used to evaluate global disorders of conscious-
ness involves a complex combination of imaging modality,
analytic technique, and task design. Of these components, each
requires a particular kind of evidence to produce positive re-
sults. fMRI and PET, for example, track different neural phe-
nomena. Likewise, different task designs may place varying
demands on a patient; fMRI mental imagery involves a cogni-
tively demanding task while other neuroimaging methods do
not require task compliance. Such components—or combina-
tions thereof—bear directly on a method’s diagnostic accuracy.
Without explicating how these components lend themselves to
diagnostic accuracy, clinical validation may produce misleading
results.

To date, little work has been done to track the relevant dif-
ferences between components of neuroimaging methods and
their diagnostic accuracy. This has, in part, led to systematic er-
rors in clinical validation in the science of consciousness. For
example, in the first large-scale clinical validation study of its
kind, Stender et al. (2014) compared ‘®F-FDG PET measurement
of brain metabolism against fMRI mental imagery, using the
CRS-R as a gold standard. Stender et al. reported that ' F-FDG
PET was 93% sensitive to the CRS-R diagnosis of the minimally
conscious state, while the sensitivity of fMRI mental imagery
was a mere 45%. Based on these findings, Stender et al. con-
cluded that, “mental imagery fMRI is less reliable for differential

diagnostic purposes than ... *®F-FDG PET” (Stender et al., 2014,
p. 519).

Two meta-analyses published the following year drew simi-
lar comparisons. Bender et al. (2015) compared fMRI-based
methods and electroencephalographic-based methods. The
sensitivity and specificity of all reviewed fMRI-based methods,
including those assessing mental imagery (Monti et al., 2010),
passive speech processing (Coleman et al., 2009; 2007), and
resting-state networks (Demertzi et al., 2014), were aggregated
to estimate overall diagnostic accuracy. Bender et al. concluded
that, “the sensitivity and specificity of functional MRI-based
techniques are 44% and 67%, respectively; [while] those of quan-
titative [electroencephalography] are 90% and 80%, respectively”
(Bender et al., 2015, p. 235). Similarly, Kondziella et al., (2016)
compared both neuroimaging and electroencephalographic-
based methods according to task design. They concluded that
methods which did not require the patient to perform a task “...
suggested preserved consciousness more often than active par-
adigms” (Kondziella et al., 2016, p. 1).

These studies rest on at least two conceptual errors. First,
there is ambiguity in the target of clinical validation. Are these
studies comparing the diagnostic accuracy of imaging modality,
data analysis, task design, or some combination thereof?
Bender et al. (2015) individuate methods according to imaging
modality. Yet, in doing so, they overlook differences in task de-
signs that are distributed across and within imaging modality
categories. This suggests that the sensitivity and specificity cal-
culated reflect—at most—the diagnostic accuracy of a particular
imaging modality rather than the broader neuroimaging or
electroencephalographic-based method.

A second, related error is confusion over the inferential
grounds of different methods. The task designs deployed by dif-
ferent methods are relevant for clinical validation, as each elic-
its evidence of more or less strength for the attribution of
awareness. Kondziella et al., (2016) meta-analysis is an improve-
ment in this regard, as it individuates neuroimaging and
electroencephalographic-based methods according to canonical
task categories—namely, active paradigms, passive paradigms,
and resting-state paradigms (cf. Laureys and Schiff, 2012). Yet,
there is a lingering confusion regarding inferential grounds.
Active paradigms produce very strong evidence of awareness
while passive paradigms produce evidence that is relatively
weaker. This difference is due, in part, to the role that aware-
ness plays in task performance (cf. Bayne, 2013); volitional task
performance requires awareness while passive sensory pro-
cessing, in most cases, does not (cf. Shea and Bayne, 2010;
Bayne and Hohwy, 2014). Confusion arises for Kondziella et al.
when they claim that, “... passive paradigms suggested preserved
consciousness more often than active paradigms” (Kondziella
et al., 2016, p. 1, emphasis added). Since the passive paradigms
assessed in Kondziella et al.’s study do not necessarily warrant
the attribution of awareness (or consciousness) as active para-
digms do, it is unclear how they arrive at this conclusion.

This confusion regarding inferential grounds is sharpened
by several critiques following the publication of Stender et al.’s
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(2014) study. Sleigh and Warnaby, for example, take issue with
the assertion that awareness can be inferred from *®F-FDG PET
measurement of metabolic activity. They argue that:

We do not, and perhaps cannot, know if the presence of [metabolic
activity] is both a sufficient and necessary cause of consciousness.
The converse question is: are all patients with unresponsive wake-
fulness syndrome who have depressed brain metabolism actually
unconscious? (Sleigh and Warnaby, 2014, p. 476)

Additionally, Owen argues further that:

... the techniques employed by Stender et al. have fundamental
differences that render any direct comparison, in terms of diag-
nostic utility, inappropriate. ®F-FDG PET directly measures the
metabolic integrity of cortical networks believed to underpin con-
sciousness, while fMRI mental imagery indirectly demonstrates
consciousness by defining awareness as intentional neural modu-
lation (or neural ‘command following’). Crucially, metabolic integ-
rity of cortical networks is necessary for consciousness, but does
not guarantee it. By contrast, intentional neural modulation ... is

. sufficient to confirm consciousness in the absence of overt
behavioural command following. (Owen, 2014, p. 370)

Problems arise for clinical validation if neuroimaging methods
are compared without acknowledging these possible errors.
Either there is ambiguity in the target of clinical validation, or
there is confusion regarding the inferential grounds of the com-
pared neuroimaging methods. In either case, diagnostic accu-
racy is obfuscated. Methods that are simply easier to satisfy
may be thought to have superior diagnostic accuracy. Yet, on
close inspection, such methods may produce evidence that is
relatively weak—so weak, in fact, that attribution of awareness
may not be warranted.

What counts as a gold standard?

A second question raised by the orthodox approach is determin-
ing what counts as a gold standard. Recall that, according to the
orthodox approach, a gold standard is a test with the highest re-
garded diagnostic accuracy for a target condition that is stipu-
lated pro tem for a particular study. The selected gold standard
must, therefore, be reasonably regarded as more sensitive and
specific than the evaluated diagnostic tests. If it is not, false
positive and false negative rates cannot be accurately
estimated.

It is, however, possible to discover that a novel diagnostic
test has greater diagnostic accuracy than a selected gold stan-
dard. After all, this is how diagnostic precision evolves.
Nevertheless, it is mysterious how this occurs in the context of
the orthodox approach. If it is discovered that the diagnostic ac-
curacy of a novel test is greater than the stipulated gold stan-
dard, then the novel diagnostic test is being compared to
something else. But what is this something else? This raises
deep philosophical questions about how the validity of the gold
standard is determined in the first place.

How, then, is a gold standard selected according to the or-
thodox approach when applied to neuroimaging methods? To
ensure accurate estimation of diagnostic accuracy, investigators
should endeavor to avoid selecting a gold standard that is al-
ready regarded as less sensitive or specific than the evaluated
diagnostic tests. Nevertheless, a commonly selected gold stan-
dard is the CRS-R, primarily on the grounds of inter-rater reli-
ability and criterion validity. Stender et al., for example, argue
that:

The only broadly accepted test for ... awareness is behavioural re-
sponsiveness. However, the reliability of the behavioural reference
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is a key issue. The diagnostic inter- rater agreement of one CRS-R
assessment ranges between 89% and 100%, and inter-rater reliabil-
ity on two subsequent days is roughly 95%. Thus, CRS-R is a robust
method, even for one assessment. Serial CRS-R assessments by
several experienced raters ensured a highly reliable clinical diag-
nosis. (Stender et al., 2014, pp. 6-7)

Despite this justification, use of the CRS-R as a gold standard for
evaluating neuroimaging is problematic. A number of carefully
conducted studies have shown that a proportion of brain
injured patients who consistently satisfy the CRS-R criteria of
the vegetative state are able to volitionally modulate their brain
activity to command (see, among other studies, Owen et al.,
2006; Monti et al., 2010; Goldfine et al., 2011; Cruse et al., 2012;
Ferndndez-Espejo and Owen, 2013; Naci and Owen, 2013). This
suggests that the CRS-R, as with all neurobehavioral exams, are
in principle insensitive to covert awareness. The central prob-
lem is a conflict in the way diagnostic categories are articulated
according to neurobehavioral scales versus neuroimaging.
Neurobehavioral scales individuate diagnoses according to be-
haviorally mediated evidence of awareness. Yet, neuroimaging
individuates diagnoses according to the mere presence or ab-
sence of awareness, unmediated by behavior. While it may be
convention to use the CRS-R for validation, there is a conceptual
error in using it to validate neuroimaging.

Since neuroimaging methods appear, in some cases, to be
more sensitive to awareness than neurobehavioral evaluation,
it may be argued that a task-driven neuroimaging method, such
as fMRI mental imagery, could serve as a gold standard to vali-
date both novel neuroimaging methods and neurobehavioral
scales. After all, if a participant can satisfy a neurobehavioral
scale, there seems to be no reason, in principle, why she could
not also perform mental imagery. But this approach is also
problematic. Some brain injured patients who satisfy neurobe-
havioral criteria of the minimally conscious state are unable to
perform fMRI mental imagery. Monti et al. (2010) found only 1 of
31 minimally conscious patients could perform fMRI mental im-
agery upon instruction. Likewise, Stender et al. (2014) found sim-
ilar difficulties in eliciting mental imagery from a group of
minimally conscious patients. These results may be explained
by patient fatigue, inhibition in sustained attention, deficits in
“high-level cognition” required for mental imagery, or technical
challenges inherent to neuroimaging, such as artifacts gener-
ated by uncontrolled movement (Naci et al., 2012, p. 316; Stender
etal., 2014, p. 519). Nonetheless, these confounding factors dem-
onstrate that a task-driven neuroimaging method is also inap-
propriate to use as a gold standard.

A third alternative for a gold standard is to use a neuroimag-
ing method that measures a neural correlate of awareness.
Promising work on the functional and structural integrity of in-
trinsic cortical networks and metabolic rates of glucose may re-
veal a neural correlate of awareness with high diagnostic
accuracy (Laureys et al., 2004; Boly et al., 2009; Vanhaudenhuyse
et al., 2009; Demertzi et al., 2013, Fernandez-Espejo et al., 2015;
Stender et al., 2015). This approach is favorable because it avoids
problems generated by neurobehavioral exams and task-driven
neuroimaging methods; it can identify awareness in patients re-
gardless of motor or cognitive deficits, and is not contingent
upon the subjective interpretation of neurobehavioral examina-
tion. Yet, this approach also engenders methodological
problems.

To date, methods for detecting a neural correlate of aware-
ness are, in some cases, insensitive to patients known to be
aware. Stender et al. (2014), for example, found that *®F-FDG PET
measurement of glucose metabolism was not sensitive to all
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study participants clinically diagnosed as minimally conscious.
Likewise, Fernandez-Espejo et al. (2011) and Demertzi et al.
(2015) have shown that methods assessing functional and struc-
tural correlates of awareness, while highly accurate, are less
than 100% sensitive to awareness in clinical populations. Such
methods may, in the future, be the best alternative for a gold
standard, yet it is unclear precisely when—or how—they will be
optimized for this purpose.

The general difficulty in identifying a gold standard in the
science of consciousness is that each method of assessment
systematically overlooks a proportion of patients in whom we
have good reason to believe are aware. Neurobehavioral exami-
nation is, in principle, insensitive to awareness unmediated by
behavior, while task-driven neuroimaging methods are insensi-
tive to some patients presumed to be aware according to neuro-
behavioral evaluation. Meanwhile, methods for evaluating a
neural correlate of awareness may resolve this problem, but
such methods still require optimization.

These problems generate a significant challenge for clinical
validation. Indeed, there appears to be no single method—and
no single imaging modality—that could be reasonably regarded
as a gold standard. This problem is strongly felt within the em-
pirical literature. Stender et al., for example, admit that:

Because no gold standard exists for absence of consciousness,
sensitivity to unresponsive wakefulness syndrome or specificity
to minimally conscious states seem like meaningless measures.
(Stender et al., 2014, p. 7)

Likewise, Kondizella et al. observe that:

In the absence of a gold standard for consciousness, precise esti-
mates of sensitivity and specificity of active and passive para-
digms are futile. (Kondziella et al., 2016, p. 5)

Additionally, even if there were such a method, there are deeper
philosophical problems regarding the validity of the gold stan-
dard itself. How do we know that the gold standard is valid?
And, according to what is its validity confirmed? This line of
questioning threatens a viscous epistemic regress.

Finally, there is lingering tension over the compatibility of
diagnostic categories as understood by neurobehavioral evalua-
tion versus neuroimaging. Neurobehavioral evaluation individ-
uates diagnoses according to behavioral evidence of awareness,
while neuroimaging individuates diagnoses according to the
mere presence or absence of awareness. There is an inherent
problem, then, in evaluating the diagnostic accuracy of neuro-
imaging on the basis of neurobehavioral examination. Any eval-
uation of the validity of novel method on the basis of
neurobehavioral examination will generate a systematic bias
toward behaviorally individuated diagnostic categories.

The Consilience Approach

One way to avoid the forgoing problems is to reject the orthodox
approach in favor of an alternative approach motivated by rea-
soning by consilience. Consilience is a mode of reasoning that
assigns a degree of plausibility to a hypothesis based on support
by a diverse set of evidence from independent sources (cf.
Vezér, 2015). This approach has been instrumental for deter-
mining the status of hypotheses with little or no independent
means of confirmation, including hypotheses in climate science
(Oreskes, 2007; Lloyd, 2015), cosmology (Harper, 1989), and evo-
lutionary biology (Gould, 2002). Applied in the science of con-
sciousness, reasoning by consilience may allow investigators to
assign a degree of plausibility to the results of a novel method

by comparison to other, methodologically distinct tests. No sin-
gle test would function as a gold standard. Rather, the degree to
which results are conciliate or discordant with a patient’s
broader assessment would serve as a starting point for clinical
validation.

This approach has been applied—at least, implicitly—in sev-
eral studies evaluating the diagnostic accuracy of neuroimaging
and EEG methods. Forgacs et al. (2014) recently compared perfor-
mance on fMRI mental imagery with preservation of metabolic
activity and electrophysiological background organization dur-
ing periods of wakefulness and sleep. They found that, in
global disorders of consciousness patients, performance of fMRI
mental imagery was highly associated with background organi-
zation during wakefulness, sleep spindle activity, and relatively
normal metabolism. Likewise, Gibson et al. (2014) applied a
variety of fMRI and EEG-based methods in a group of patients to
determine where performance overlapped and diverged.
Additionally, Sitt et al. (2014) compared a variety of electrophysi-
ological markers of awareness in a single patient cohort to de-
velop an EEG-based screening technique that differentiates the
vegetative from the minimally conscious state. Finally, Di Perri
et al. (2016) recently compared resting-state functional connec-
tivity of the default mode network with brain metabolism in pa-
tients with global disorders of consciousness. They found that
brain metabolism was correlated with functional connectivity,
and that partial preservation of between-network anti-correla-
tions characterized the recovery of consciousness. These stud-
ies suggest that a variety of evidence from independent sources
may provide mutual support for a diagnostic hypothesis, or the
accuracy of a novel neuroimaging or EEG-based method.

The consilience approach also resolves critical questions
raised by the orthodox approach. First, there is no ambiguity re-
garding the target of validation. Because the consilience ap-
proach compares a novel method against a variety of evidence,
there is no need to isolate a particular component of a method
for validation, nor explicitly match the inferential grounds of
tasks used in a method. While it may be organizationally help-
ful to specify particular kinds of consilience—for example, con-
silience between active paradigms; consilience across active,
passive, and resting-state paradigms; or consilience across im-
aging modalities—this does not bear directly on prospects for
validating a novel method according to the consilience ap-
proach. Simply put, variation in underlying components of neu-
roimaging methods is irrelevant. It is only the degree to which a
method’s results are conciliate or discordant with a broader set
of evidence from multiple, independent sources that counts.

Additionally, the consilience approach resolves questions
surrounding the potential bias of a gold standard. Recall that
there appears to be no single diagnostic test for global disorders
of consciousness that reasonably satisfies the epistemic require-
ments of a gold standard. All tests systematically overlook a
group of patients for whom we have good reason to believe are
aware. The consilience approach cuts through this problem by
deriving the epistemic strength of a novel method from its fit
with a broader set of evidence. This accounts for and corrects
potential biases in clinical validation. Neurobehavioral examina-
tion, for example, is biased due to its inherent insensitivity to
awareness unmediated by behavior. Likewise, the tasks involved
in different neuroimaging methods are biased due to variations
in their cognitive demand. Importantly, these are biases of a dif-
ferent kind. When aggregated, the results of different methods
naturally compliment each other by counterbalancing respec-
tive biases. This prevents the exclusion of relevant diagnostic
evidence that can result from a biased gold standard.
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The consilience approach also speaks to philosophical wor-
ries regarding the presumed validity of a gold standard. The fact
that consilience does not rely on a single gold standard for clini-
cal validation resolves the problem of determining how the gold
standard is validated in the first place. It may be that, in future
research, the consilience approach produces a single gold stan-
dard. Neuroimaging methods that track functional and struc-
tural changes associated with the loss of consciousness may
derive their epistemic strength from their consilience or discor-
dance with a broader set of evidence. Additionally, Tomaiuolo
et al. (2016), Noirhomme et al. (2015), and Stender et al. (2014),
have argued that, among other comparisons, longitudinal eval-
uation of patients who recover awareness may identify which
neuroimaging methods are most accurate. Such methods may,
in turn, be used as a gold standard in the future, but only based
on their prior consilience with, among other evidence, patient
outcome. This provides a plausible story for how a gold stan-
dard could be identified as the science of consciousness
matures.

Challenges to the consilience approach

The consilience approach is methodologically attractive, yet it
raises a number of unique challenges. First, discordant results
may be difficult to reconcile and, in turn, may undermine vali-
dation by consilience. Gibson et al. (2014) recently demonstrated
that a single patient could return discordant results when eval-
uated with different modalities (fMRI vs. EEG) and tasks (motor
imagery vs. spatial navigation imagery). Such results can com-
plicate a clear understanding of how different methods are con-
ciliate or discordant. Discordant results may be explained by
practical problems occurring during assessment (Fischer and
Truog, 2015). Yet, it is also possible that neurobiological deficits
secondary to brain injury can cause variations in a patient’s
ability to satisfy different neuroimaging methods (Naci et al.,
2012, p. 316). This suggests there are different types of fit be-
tween evidence. What type of fit is the right fit may hinge on ex-
plaining why discordant results occur.

Another challenge is determining what information is in-
cluded and excluded from the set of evidence used for compari-
son with a novel method. Among other methods of assessment,
should the set include or exclude neurobehavioral findings,
structural neuroimaging, or resting-state EEG? Moreover, on
what grounds is this evidence included or excluded? Is it due to
convention, or because the evidence has been rigorously shown
to be diagnostically valid? The scope of evidence included may
likely be based on normative rationale. Yet, from an empirical
standpoint, it may remain unclear if and how this rationale is
justified.

A third challenge is determining what the degree of consil-
ience or discordance of evidence actually tells us about the re-
sults of a novel method. If, for example, the results of a novel
neuroimaging method are highly conciliate with other methods
of assessment, does this mean the novel method is accurately
tracking a patient’s “true” preserved consciousness or that there
is merely a high degree of coherence between different methods
of assessment? This difference is important, as medical deci-
sions are contingent upon whether a patient is actually con-
scious, not the mere coherence of different methods. This
problem may be resolved by comparing a set of conciliate re-
sults against patient outcome (cf. Stender et al, 2014
Noirhomme et al., 2015; Stender et al., 2014); if patients recover,
then the set of results is, in some fashion, tracking conscious-
ness. However, this presumes that patients will recover, and in
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many cases this does not occur (cf. Fernandez-Espejo and
Owen, 2013; Naci et al., 2014). Whether it is possible to be certain
of a patient’s consciousness beyond the mere coherence of in-
dependent assays of brain activity is unclear. It is highly desir-
able, yet under the present analysis it appears difficult, if not
impossible, to attain.

These challenges are difficult to resolve. However, they do
not demonstrate the consilience approach should be aban-
doned. While the consilience approach raises its own chal-
lenges, these are potentially resolvable with future
philosophical inquiry. The problem of discordant findings may
be resolved by a fine-grained analysis of the aspects of con-
sciousness that different methods of assessment probe. For ex-
ample, Bayne and Hohwy (2015) and Bayne et al. (2016) recently
proposed a multidimensional model that tracks the recovery of
aspects of consciousness, rather than levels of consciousness,
following brain injury. Certain aspects of consciousness may be
differentially important to satisfying particular neuroimaging
methods. Variation of preserved aspects of consciousness may
explain why a single patient is able to satisfy some methods but
not others (see also Klein and Howhy, 2015).

Additionally, the problem of including or excluding methods
in a comparison set may be resolved by explicating the
rationale—whether normative or empirical—for inclusion or ex-
clusion. To date, there has been no systematic analysis of this
issue. The design of future clinical validation studies may bene-
fit from making this rational explicit.

Finally, the problem of determining what consilience tells us
about the actual recovery of consciousness may be resolved by
including patient outcome in the comparison set. To be sure,
outcome data may tell us more about prognosis than diagnosis.
Nonetheless, comparison with standardized outcome scales,
such as the Glasgow Outcome Scale, can provide compelling ev-
idence that a novel neuroimaging method is accurately tracking
the recovery of consciousness, provided a patient does not have
motor deficits (cf. Strender et al., 2014, 2016; 2014). This informa-
tion may further corroborate diagnoses derived from conciliate
evidence.

The consilience approach is—at least, provisionally—the
best alternative to the orthodox approach for clinical validation
in the science of consciousness. In the long run, the consilience
approach may eventually yield a gold standard. Multiple lines of
evidence may converge on a single test for preserved conscious-
ness. Yet, because no single test currently satisfies the episte-
mic criteria of a gold standard, investigators must consider how
data generated by a novel method fits with a broader set of evi-
dence from multiple, independent sources. Explicating the de-
tails of the consilience approach with respect to the science of
consciousness can optimize future clinical validation study
designs.

Conclusion

Patients with global disorders of consciousness are highly vul-
nerable. Providing the right diagnosis is imperative, yet diagnos-
tic accuracy of global disorders of consciousness remains one of
the most challenging obstacles of modern medicine. Novel
methods of assessment may offer a solution. Yet these methods
require clinical validation before inclusion in standard diagnos-
tic protocol.

In this article, I have argued that the orthodox approach to
clinical validation generates a number of challenges when ap-
plied to the science of consciousness. In response, I proposed
the consilience approach. This approach estimates the
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diagnostic accuracy of a novel method based on its degree of
consilience with a variety of evidence from multiple, indepen-
dent sources. The focus of this article has been on methodologi-
cal problems in clinical validation of diagnostic tests for global
disorders of consciousness. Yet, diagnostic accuracy of other
disorders of consciousness may also benefit from reflection on
the consilience approach. Study of other transitory and persis-
tent conditions, including absence seizures, toxic encephalopa-
thy, transient global amnesia, pervasive developmental
disorders, and a wide range of psychiatric syndromes, is impor-
tant to our overall understanding of human consciousness. The
consilience approach may be fruitful in these domains if similar
methodological challenges to clinical validation arise.

The consilience approach raises a number of unique chal-
lenges that are in need of further consideration, including how
to explain divergent findings, defining the scope of evidence to
compare novel methods to, and determining whether consil-
ience is a function of a method’s ability to track a patient’s true
consciousness. Apart from these challenges, the consilience ap-
proach also requires formalization: How is clinical evidence ag-
gregated under the consilience approach?; Is the evidential
weight different across various methods of assessment?; And,
how might consilience apply to other imaging modalities?
Reflection on these questions may optimize future clinical vali-
dation study designs in the science of consciousness and clarify
the precise role of neuroimaging and EEG in differential diagno-
sis of global disorders of consciousness.
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