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G oW

Abstract: Background: Delayed Post-Hypoxic Leukoencephalopathy (DPHL), or Grinker’s myelinopa-
thy, is a syndrome in which extensive changes are seen in the white matter of the cerebral hemispheres
with MRI weeks or months after a hypoxic episode. Tp-weighted spin echo (T,-wSE) and/or T,-Fluid
Attenuated Inversion Recovery (T,-FLAIR) images classically show diffuse hyperintensities in white
matter which are thought to be near pathognomonic of the condition. The clinical features include
Parkinsonism and akinetic mutism. DPHL is generally regarded as a rare condition. Methods and
Results: Two cases of DPHL imaged with MRI nine months and two years after probable hypoxic
episodes are described. No abnormalities were seen on the T,-FLAIR images with MRI, but very
extensive changes were seen in the white matter of the cerebral and cerebellar hemisphere on divided
Subtraction Inversion Recovery (dSIR) images. dSIR sequences may produce ten times the contrast
of conventional inversion recovery (IR) sequences from small changes in T;. The clinical findings
in both cases were of cognitive impairment without Parkinsonism or akinetic mutism. Conclusion:
The classic features of DPHL may only represent the severe end of a spectrum of diseases in white
matter following global hypoxic injury to the brain. The condition may be much more common
than is generally thought but may not be recognized using conventional clinical and MRI criteria
for diagnosis. Reappraisal of the syndrome of DPHL to include clinically less severe cases and to
encompass recent advances in MRI is advocated.

Keywords: delayed post-hypoxic leukoencephalopathy; Grinker’s myelinopathy; targeted MRI of
the brain; divided subtracted inversion recovery sequences; T1-bipolar filter; white matter disease of
the brain

1. Introduction

Acute sequelae seen in the brain with MRI after global hypoxia due to severe drug
overdoses, asphyxiation and other causes include territorial and border zone infarctions,
as well as damage to grey matter [1]. Chronic changes seen with MRI in the brain after
global hypoxia usually follow from the acute changes and typically include later stages of
infarction and grey matter changes, but rarely, Delayed Post-Hypoxic Leukoencephalopathy
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(DPHL) may develop. This condition selectively involves white matter [2-6]. Its clinical
features include an initial recovery period followed by deterioration typically beginning
2—4 weeks later. Classically, the presentation at this stage follows two common patterns,
(i) Parkinsonism and (ii) akinetic muteness, although there may be other features.

DPHL is sufficiently rare for individual case reports and small series of 2-5 patients to
be published [4-13]. The term Grinker’s myelinopathy is used to describe the condition,
which is named after Roy Richard Grinker Sr (1900-1993), who described it in 1925/26 when
he was an instructor in neurology at Northwestern University in Evanston, Illinois [14].

The MRI diagnosis of DPHL is usually made with T,-weighted Fast Spin Echo (T>-
wFSE) and/or T,-Fluid Attenuated Inversion Recovery (T,-FLAIR) sequences, which show
diffuse hyperintensities in the central white matter of the cerebral hemispheres. U-fibres
are spared, as is cerebellar white matter [3-6]. These MRI features are regarded as “near
pathognomonic” for DPHL [4].

We report two cases of suicide attempts probably associated with significant hypoxia
in patients who were examined with an MRI nine months and two years, respectively, after
their suicide attempts. No abnormalities were seen on their T-FLAIR images, but extensive
changes were seen in the white matter of their cerebral and cerebellar hemispheres using
divided Subtracted Inversion Recovery (dSIR) sequences. These sequences are sensitive
to changes in T; and may show ten or more times the contrast seen with conventional
inversion recovery (IR) sequences when imaging small increases in Ty from normal levels
due to disease [15].

We raise the possibility that widespread white matter disease of the brain may be a
relatively common late complication of global hypoxia but may not be recognized with
conventional MRI sequences. Classical clinical descriptions of DPHL may only apply to
more severe forms of the disease spectrum that produce changes seen with conventional
MR sequences. The syndrome of DPHL may need reappraisal to accommodate findings
with more sensitive MRI sequences and include neuropsychiatric symptoms and signs that
are less severe than Parkinsonism and akinetic mutism.

2. Theory

In this section, the theory underlying the use of dSIR sequences is described in con-
densed form. The description is included to make this paper self-contained and to provide
a basis for the interpretation of dSIR images as well as the discussion of their features. More
detailed descriptions of dSIR sequences and images are included in previous papers [15,16].

The mechanism underlying dSIR sequence contrast is shown in Figures 1 and 2.

Two magnitude reconstructed IR T; filters with different Tis, TIshort = Tl and TI-
intermediate = TI;, are shown in Figure 1A. T; filters are plots of signals against T; for
MR sequences. When the second IR Tj filter is subtracted from the first IR T; filter, this
produces the Subtracted IR (SIR) T; filter in Figure 1B. In the central region or middle
Domain (mD) of the SIR T filter between the two vertical dashed lines in Figure 1B, the
slope of the filter is about double that of the IR T; filters shown in Figure 1A.

The two T; filters shown in Figure 1A can be added to give the Added IR (AIR) Ty
filter, as shown in Figure 1C. In its mD, which is bounded by the vertical dashed lines, the
signal is reduced to about 0.20 of its value of 1 at T; = 0.

Figure 2A shows a dSIR Tj-bipolar filter in which the SIR T filter in Figure 1B is
divided by the AIR T filter in Figure 1C. The resulting dSIR T;-bipolar filter shows a highly
positive nearly linear slope in its mD, where its slope is about ten times that of the IR T;
filters shown in Figure 1A.

Figure 2B compares the contrast produced by the Stys IR T; filter (pink) to that from
the SIR T filter (blue) from the same increase in T1 (AT;) produced by disease (horizontal
green arrow, ATy). Using the small change approximation of differential calculus, ATy is
multiplied by the slopes of the respective T filters (red lines) to produce the differences in
signal AS or contrasts produced by the Stjg and SIR T filters shown by the vertical pink
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and blue arrows on the right. The SIR T filter generates about twice the contrast (blue
arrow) of the Stys dIR T filter (pink arrow) from the same small increase in T;.
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Figure 1. Subtracted IR (SIR) and Added IR (AIR) T filters. Ty is shown along the linear X axes in
ms. (A) shows the TI Ty filter (pink) and TI; Ty filter (blue), (B) shows the subtraction (Stis — Str;)
IR or SIR Tj filter and (C) shows the addition (Stis + Styi) IR or AIR Ty filter. The middle Domain
(mD) is the Ty values along the X axis between the vertical dashed lines. In (B), the slope of the curve
in the mD in the SIR Tj filter is about double that of the Sty filter (pink in [A]). In (C), the signal at
T; = 01is doubled to 2.0, and the signal in the mD is reduced to about 0.20 in the nearly linear, slightly
downward sloping central part of the AIR T filter (i.e., in the middle Domain, mD).

Figure 2C compares the contrast produced by the Stjs IR T filter (pink) to that pro-
duced by the dSIR T;-bipolar filter (blue). The increase in T1 (AT;) produced by disease
(horizontal green arrow, ATj) is multiplied by the slopes of the respective Stis IR and dSIR
T, filters (red lines) to produce the differences in signal AS or contrasts generated by the
two filters. This is shown by the vertical pink and blue arrows on the right. For the same
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increase in Ty, ATy, the dSIR Tj-bipolar filter, produces about ten times more contrasts
than the Stys IR Ty filter, such as Magnetization-Prepared Rapid Acquisition Gradient Echo

(MP-RAGE).
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Figure 2. (A) shows a division of the SIR T -filter in Figure 1B by the additional Ty filter in Figure 1C
to give the dSIR T;-bipolar filter. (B) shows a comparison of the conventional IR Stg Ty filter (pink)

and the SIR Ty filter (blue) for a small increase in T; (horizontal green arrow, ATy). (C) is a comparison
of the Sty Ty filter (pink) with the dSIR T filter (blue) for the small increase in T;. Multiplication of
the small increase in Ty (AT;) by the slope of the filters (red lines) produces the contrast shown as
vertical arrows on the right (bounded by the horizontal dotted lines). In (B), the contrast produced by
the SIR T filter is twice that produced by the IR Tj filter (blue and pink arrows). In (C), the contrast
produced by the dSIR T;-bipolar filter is ten times greater than that produced by the IR Ty -filter (blue

and pink arrows).



Diagnostics 2024, 14, 418

50f 15

To produce the large increase in contrast shown in Figure 2C, dSIR sequences need to
be correctly targeted at the normal tissue of interest and the small increases in the tissue T
produced by disease.

3. Methods

With the approval of the Auckland Hospital Research Ethics Committee (approval
number AHRECAH1006, 2021) and with informed consent from each subject, MRI scans
were performed on an 18-year-old normal male volunteer, a 19-year-old male patient
nine months after a severe drug overdose and a 20-year-old male patient two years after
attempted suicide by hanging. A 3T scanner (General Electric Healthcare, Chicago, IL,
USA) was used. Two-dimensional IR FSE sequences were performed with a TI;, chosen to
null the shortest T of normal white matter, and a longer TI;, chosen to produce narrow
mD dSIR images targeted at small increases in T; in white matter from normal levels, as
illustrated in Figure 2C. Two-dimensional and 3D T,-FLAIR images were also acquired, as
described in Table 1. With 3D acquisitions, adjacent T>-FLAIR images were added to give
similar slice thicknesses to those of the dSIR images to assist a comparison of the two types
of images.

Table 1. Pulse sequences and pulse sequence parameters used at 3T. Z = zipped.

4 Sequence TR (ms) TI(ms) TE (ms) Matr.lx Size Num'ber of Slice Thickness
Voxel Sizes (mm) Slices (mm)
256 x 224
2D FSE IR (for white 0.9 x 0.1
! matter nulling) 9192 30 7 7512 26 4
04 x 04
256 x 224
2D FSE IR (used with #1 0.9 x 0.1
2 for narrow mD dSIR) 5796 500 7 7512 26 4
04 x 04
320 x 240
240 x 240
3 2D and 3D T,-FLAIR 6300 1851 102 0.7x07,1x1 26,122 4,2
Z512
0.5 x 0.5
4. Results
Normal Volunteer
MRI findings:

Figure 3 shows narrow mD dSIR images from the normal 18-year-old volunteer.
His white matter is normal and shows a low signal (dark) appearance with a mid-grey
appearance in and around the corticospinal tracts. Normal high signal boundaries (white
lines) are seen at junctions between white and grey matter.

Casel

Case history:

Case 1 was a 19-year-old male patient who was the product of a pregnancy with a
prolonged second stage of labour, and he required some resuscitation. His development
proceeded within normal limits for physical activity, but there were social and cognition
issues consistent with high functioning autism spectrum disorder during early adolescence.
In his penultimate year of high school, there were attentional difficulties in an otherwise
intelligent young man. At age 19 years, he took a life-threatening drug overdose. He
consumed unknown, but large, amounts of amitriptyline, paracetamol, codeine phosphate,
zopiclone, clonazepam and promethazine. The overdose was probably taken late in the
evening, but he was not found until around 2:00 p.m. the following day when he was
deeply unconscious. There were pressure sores on the left side of his body, and he suffered
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compression injuries to the neural structures of his left arm. He probably survived because
there had been clumping of drugs in his stomach with a slow release and absorption of
them. After an emptying of his stomach contents, he slowly regained consciousness and
improved functionally. Nine months later, he retained his prior intellect but had some
slowing of information processing as well as reductions in his attentional capacity and
overall function.

Figure 3. Normal volunteer. Two-dimensional narrow mD dSIR images. The narrow mD dSIR images
show normal white matter as a very low signal intensity (dark) except for intermediate areas in and
around the corticospinal tracts. Normal high signal boundaries are seen at the junction between
white matter and grey matter.

MRI findings:

Figures 4 and 5 show T,-FLAIR images (upper rows) with positionally matched dSIR
images (lower rows). No abnormality is seen in white matter on the T>-FLAIR images, but
very extensive high signal abnormalities are seen in white matter on the corresponding
dSIR images. In Figure 4, there is sparing of white matter in the anterior central corpus
callosum and adjacent forceps minor, which have a dark appearance (long white arrows).
There is also some sparing of the posterior central corpus callosum. In Figure 5, there is
sparing of the peripheral white matter of the cerebral hemispheres, which have a dark
appearance (long white arrows). Small focal lesions of a relatively increased signal are
also seen in the white matter in Figure 5 (grey arrows) on the dSIR images. High signal
boundaries between the white and grey matter are seen, but these are less obvious in many
areas because of the high signal present in much of the white matter.

Overall, the abnormalities are bilateral and symmetrical and involve most of the white
matter of both the cerebral and cerebellar hemispheres. The appearances in the patient
are strikingly different from those in the normal control shown in Figure 3, where normal
white matter has a low signal (dark appearance), apart from the corticospinal tracts and
areas adjacent to them, which are mid-grey.

Case 2

Case history:

Case 2 was a male aged 20 years at the time of MRI scanning. As far as is known,
he was the product of a normal pregnancy and delivery, with no alcohol or illicit drug
consumption by his mother, although she did have a subsequent history of significant
methamphetamine abuse. Cultural adoption took place at seven months with a supportive
formative environment. Although it was never formally diagnosed, his history strongly
suggested the presence of attention deficit hyperactivity disorder of combined type.
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Figure 4. Case 1 was examined nine months after a severe drug overdose. Comparison of positionally
matched T,-FLAIR images (upper row) and narrow mD dSIR images (lower row). No abnormality is
seen on the Tp-FLAIR image, but there are extensive areas of a high signal in the white matter of the
brain. Only the anterior and posterior central corpus callosum and parts of the frontal lobes have a
low signal (dark appearance) and look normal on the dSIR images (white arrows) (lower row). High
signal boundaries are seen at the junction between the white matter and grey matter but are rendered
less obvious in many areas because of the high signal in much of the white matter.

Figure 5. Case 1 was examined nine months after a severe drug overdose. Comparison of positionally
matched T,-FLAIR images (upper row) and narrow mD dSIR images (lower row) (higher cerebral
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hemispheres). No abnormality is seen on the T,-FLAIR images, but there are extensive areas of
high signals in the central white matter of the brain (lower row). Only some of the peripheral white
matter on the lower images appears dark and looks normal on the dSIR images (white arrows) (lower
row). Some other areas of white matter have a mid-grey appearance consistent with a lesser degree
of abnormality. Small focal lesions are also seen on the dSIR images (grey arrows) but not on the
T,-FLAIR images.

At 18 years of age, following a relationship break-up, the patient began consuming
large amounts of alcohol in a binge pattern and using cannabis. In what was probably an
intoxicated state, he made a suicide attempt by hanging. He lost anal sphincter tone during
this event. He was found by chance and was transported to hospital by ambulance where he
was admitted to the Intensive Care Unit, although he has no subsequent recollection of this.
On subsequent examination, he had a period of at least several hours of retrograde amnesia
and an indeterminate period of anterograde amnesia. He was permitted to discharge
himself from hospital the following day, presumably still in a state of delirium, given his
lack of memory.

Following this event, he slowly redeveloped an awareness of himself over the next
few days and became aware that his information processing had slowed. He reached
cognitive overload much more readily. Attentional function had deteriorated further, and
he struggled to divide and alternate attention or cope with any environment where the
stimulus load increased beyond what was essentially a one-to-one interaction. Even then,
if material was presented at more than one item per statement, he was unable to follow it,
although he processed single items adequately. Shifting mental sets became difficult for him
with significant fight/flight reactivity, if this was demanded of him without prior warning.
His higher-order cognitive function fell away, with a fall-off in pragmatic communication
skills. He struggled with metacognition in the moment, although his post-hoc awareness
seemed adequate. He also described subtle second-order theory-of-mind difficulties. His
sleep—awake cycle became disrupted, although it was difficult to discern the exact pattern
of this (he had always struggled to settle at night as part of his attention deficit disorder).

After the suicide attempt, he remained in a state of distress, both due to the loss of
a relationship and increasingly due to his struggles to cope cognitively and socially. He
continued to abuse alcohol and cannabis in a binge manner (it was for the management of
this that he presented for assessment). At no stage over the two years following his suicide
attempt had any health professional appeared cognizant of his premorbid attention deficit
disorder or the possibility that he had suffered post-hypoxic brain damage as a result of his
attempted suicide.

MRI findings:

Figures 6 and 7 show T>-FLAIR images (upper rows) with positionally matched dSIR
images (lower rows). No abnormalities are seen in the white matter on the T,-FLAIR
images, but very extensive high signal abnormalities are seen in the white matter of the
corresponding dSIR images. There is relative sparing of the anterior central corpus callosum
and, to a lesser extent, the posterior central corpus callosum. There is also some sparing of
the peripheral white matter in the cerebral hemispheres.

Overall, the MRI findings in Case 2 are very similar to those in Case 1, as shown in
Figures 4 and 5. They have been described as a whiteout sign. This often involves 80% or
more of the white matter in the cerebral and cerebellar hemispheres having an abnormal
high signal appearance.
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Figure 6. Case 2 was examined two years after his asphyxial episode. Comparison of positionally
matched T,-FLAIR images (upper row) and narrow mD dSIR images (lower row). No abnormality is
seen on the T,-FLAIR images, but there are extensive areas of high signals in the white matter of the
brain. The anterior and posterior central corpus callosum and parts of the frontal lobes have a lower,
more normal signal (darker appearance). Horizontal CSF flow artefacts are seen in the dSIR image in
the middle lower row.

Figure 7. Case 2 was examined two years after his asphyxial episode. Comparison of positionally
matched T,-FLAIR images (upper row) and narrow mD dSIR images (lower row). No abnormality is
seen on the To-FLAIR images, but there are extensive areas of high signals in the central white matter
of the brain (lower row). Only some of the peripheral white matter on the lower images appears
darker and looks more normal on the dSIR images.
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5. Discussion
5.1. Clinical and MRI Summary

One patient with a history of a severe drug overdose and another with a history
of attempted suicide by asphyxia were examined with MRI nine months and two years
afterwards using T>-FLAIR and dSIR sequences. In both cases, no abnormalities were seen
in their white matter with T,-FLAIR sequences, but very extensive changes were seen in
their white matter using dSIR sequences. In both cases, the changes were bilateral and
symmetrical and involved the cerebral and cerebellar hemispheres. There was sparing or
relative sparing of the anterior central corpus callosum and adjacent white matter and, to a
lesser extent, the posterior central corpus callosum. There was also sparing of the white
matter in the periphery of the cerebral hemispheres.

5.2. Grinker’s Myelinopathy

The syndrome of myelinopathy after hypoxia was first described by Roy Richard
Grinker Sr. when he was 25/26 years old, and it bears his name. This condition has also
been described as DPHL, delayed hypoxic leukoencephalopathy [5], delayed postanoxic
encephalopathy [6] and delayed post-hypoxic encephalopathy [7]. It is regarded as a rare
disease, and case reports and small series of a few patients (e.g., typically 2-5, with a
maximum in one series of 12 patients) are all that is available in the literature. Roy Richard
Grinker Sr. (1900-1993) was an American neurologist and psychiatrist who practised in
Chicago [14,17,18]. He published his first major book, “Grinker’s Neurology”, in 1933. It
went through seven editions. He was psychoanalysed by Sigmund Freud in Vienna in
1935-1936 and followed a successful career in psychiatry. He was particularly interested
in combat fatigue during and after World War II and co-wrote a book about this [19]. His
father was also a psychiatrist, as was his son Roy Richard Grinker Jr. (1927-2022). His
grandson, Roy Richard Grinker (1961-), an anthropologist, has published on autism and
how culture created the stigma of mental illness [20].

5.3. Clinical Features of DPHL

The classical features of DPHL are a global hypoxic event, recovery (typically from
coma) after the hypoxic event and deterioration with two typical clinical presentations
at this stage, namely, (i) Parkinsonism and (ii) akinetic mutism [3]. There may also be
dystonic posturing, agitation, hallucinations and unusual behaviour. Patients may exhibit
slow verbal responses with impaired cognition and emotional lability. Akinetic mute
patients may be profoundly apathetic and may display functional bowel and bladder
incontinence, minimal primitive responses to pain and pathological laughter or crying.
Physical examinations may include frontal release and corticospinal tract signs. Early-on
cognitive symptoms may be so profound that detailed testing is not possible. The CSF
myelin basic protein is usually elevated as a result of active demyelination.

The two cases described in this paper did not have the neurological features of Parkin-
sonism or akinetic mutism typical of the classical syndrome. They showed cognitive
impairment. In addition, the patients were much younger (18 and 20 years) than those
described in the literature, who were generally over 30 and with average ages over 60 in
some series.

5.4. CT and MRI Features of DPHL

Historically, the diagnosis of DPHL was initially made without imaging. Modern
imaging of the brain has gone through distinct periods, and the diagnosis of DPHL has
evolved with this. These stages have included (i) CT, (ii) MRI and (iii) advanced MRI, as
used in this paper.

(i). CT: This typically showed reductions in X-ray attenuation in white matter in DPHL,
as described by Lee and Marsden and incorporated, by them, into disease descrip-
tions [3].
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(ii). MRI: Findings with conventional MRI in DPHL from 1991-2015 were reviewed by
Zamora et al. [7], together with five of the authors” own cases. There were 22 reports on
a total of 41 patients. The largest series was 12 cases of carbon monoxide poisoning [21].
The number of cases in other reports was 1-5. Overall, there were a total of 24 cases
of carbon monoxide poisoning and 19 cases of drug overdoses, almost all of which
were with opioids or benzodiazepines. The most significant and diagnostic MRI
finding was extensive and confluent hyperintensities on T,-wSE and/or T,-FLAIR
images. These were predominant in the periventricular white matter and the centrum
semiovale and were bilateral and symmetrical. In all patients, the hyperintensities
spared the U-fibres, and there was no involvement of the cerebellum in the authors’
series of five cases. The studies in the literature also did not report abnormalities in
the cerebellum.

In two of five patients reported by the authors in their own series [7], diffusion
restriction matched the extent of the To-FLAIR hyperintensities, while in the other three
patients, diffusion abnormalities were less extensive. Diffusion imaging was inconsistently
performed in the 22 papers reviewed and was either restricted or normal [7]. Restricted
diffusion is thought to arise from the trapping of water in abnormal myelin.

In the two cases described in this paper, T,-FLAIR sequences showed no abnormality,
but extensive changes in white matter were seen on the dSIR images.

5.5. Pathology

Plum et al. reported autopsy findings of severe diffuse demyelination partially sparing
subcortical U-fibres. Tissue examples demonstrated the presence of reactive astrocytes and
lipid-laden macrophages. Axons and oligodendroglia were present [2].

The syndrome did not include imaging initially but has evolved over its near 100-year
history to include modern imaging in the absence of pathology in most cases. The patho-
logical entities detected by imaging may include oedema, demyelination, dysmyelination,
neuroinflammation and degeneration, covering a wider spectrum of diseases than in the
original description [22,23]. These pathological features may be manifest as generalized
processes involving white matter in a bilateral symmetrical manner.

Hypoxia is central to the causation of the disease. There is some evidence that CO
may be specifically toxic for myelin and may contribute to more severe diseases.

The biphasic nature of the DPHL raises the question as to whether the disease is
immunomodulated and indicates that the delayed white-matter changes are due, at least in
part, to the neuroinflammation that is secondary to this.

The pattern of the seen imaging has similarity to genetically determined diseases, such
as metachromatic leukodystrophy.

5.6. dSIR Sequences

dSIR sequences can provide a ten-times greater amplification of the contrasts of
conventional Tq-weighted IR sequences and may produce contrasts from small increases
in T1, which accompany small increases in T, but are insufficient to produce diagnostic
contrasts with conventional T,-wSE and T,-FLAIR sequences (Figures 1 and 2).

dSIR sequences also produce high signal boundaries between the white matter and
grey matter. These are evident as well defined “etched” lines on images. They are produced
where partial volume effects at boundaries between the white and grey matter result in
mixed tissue voxels, which have Tys precisely corresponding to the maximal signal value
shown on the T;-bipolar filter (Figure 2).

5.7. Targeting

DPHL is an application of targeted MRI par excellence in which normal white matter
and small increases in Ty are targeted with dSIR sequences to produce high contrasts and
show an abnormal whiteout appearance.
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In principle, the same approach can be applied to other diseases which affect white
matter. It can also, in principle, be applied to other tissues where small changes in T; may
be present but are below the threshold necessary to demonstrate useful contrasts with
conventional sequences. The changes may be widespread within the tissue and have a
significant clinical impact in spite of their small size.

5.8. Implementation of dSIR Sequences

The IR Fast Spin Echo (FSE) sequences used to produce dSIR images are available
on most clinical MR systems. They can be run with spatial resolutions similar to those of
T,-wSE and T,-FLAIR sequences. The initial TI; is designed to null white matter with the
shortest Ty of clinical interest, although the chosen TI can be somewhat less than this value.
The second TI; is longer and aims to produce an mD which includes small increases in Tq
in white matter due to disease. The contrast amplification produced by the dSIR sequence
increases as the difference in TI, DTI, is decreased. This continues until the sequence
becomes noise and/or artefact limited.

The processing of the source IR images to produce dSIR images only involves basic
arithmetic and can be implemented in MATLAB.

dSIR imaging can be integrated into workflow patterns with conventional MP-RAGE,
T,-wSE and/or T,-FLAIR imaging. These sequences show effects due to larger changes in
Ty and/or T, while dSIR sequences show effects due to smaller changes in T1, which are
beneath the threshold for detection with conventional IR sequences.

5.9. Validation of dSIR Imaging Findings

The original clinical description of DPHL was validated pathologically at postmortem.
This may have biased the definition towards the severe end of the disease spectrum. As
with other diseases of the CNS, imaging has been used in in vivo studies in humans. The
validation of the imaging findings is based on the following:

(i) Theory, as described using Figures 1 and 2, which provides a coherent account of the
contrast seen on dSIR images.

(i) Normal controls, which consistently show low signals in white matter with dSIR
sequences.

(iii) Boundaries between the white and grey matter: These are a unique and distinctive
feature of dSIR images and can be explained using the model in Figures 1 and 2. They
are a consistent finding in normal subjects and patients and support the validity of
the model.

(iv) The presence of whiteout signs, very similar to those shown in Figures 4-7, in other
diseases such as mTBI [24], methamphetamine dependency [14] and, to a lesser extent,
MS [15]. The whiteout sign probably has multiple causes, but a common feature may
be neuroinflammation, which may be seen in many different diseases.

(v) There is also a consistency between lesions with large changes in the T, (as well as T)
seen on T»-FLAIR images in the same location on dSIR images. The features include a
high signal boundary around the lesion on dSIR images, as predicted by a theory [15].

(vi) dSIR sequences have been run on GE, Philips and Siemens MR systems at both 1.5 T
and 3.0 T, and images obtained in this way have been consistent for contrasts and high
signal white matter—-grey matter boundaries. Failure modes for the dSIR sequence
have been described and are relatively easy to identify and so ensure consistent results
with different machines in both volunteers and patients [15].

(vii) There is a correspondence between U-fibre sparing observed pathologically as well as
with conventional imaging and the sparing of peripheral white matter observed on
dSIR images.

Animal studies with imaging including experimental hypoxia may be necessary to
provide histological validation and a detailed correlation of imaging findings with this.
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5.10. Additional Imaging Options

Myelin-specific sequences, such as DESIRE [25] and STAIR [26], may be very helpful
in producing a specific diagnosis of demyelination. The degree to which the findings are
reversible will need to be determined. It will be necessary to determine the natural history
of the dSIR changes as well as the effect of treatment on them.

There are also technical advances in Al and image noise reduction and registration
which may improve the quality of dSIR images.

Additional imaging with dSIR images can be created synthetically from T; maps. It is
also possible to synthetically create narrower mD images from wider mD images. The T4
maps may be produced by MR fingerprinting and other methods, such as Actual Flip Angle
imaging [27], which do not involve an IR sequence so that the more general term T;-bipolar
filter (T1-BLAIR) imaging may be preferred to describe imaging utilizing a T;-bipolar filter.
The term includes direct acquisitions (such as with dSIR) as well as synthetic imaging
utilizing T maps generated in different ways.

5.11. Normal-Appearing White Matter

In this study, normal-appearing white matter (NAWM) on T,-FLAIR sequences in
Cases 1 and 2 showed obvious abnormalities with dSIR sequences. NAWM was described
first pathologically and then in MRI in studies of Multiple Sclerosis (MS), as described in
1989 [28]. The assumption with NAWM in MRI is that there may be an underlying disease
present that is not shown with conventional sequences. The usual ways of pursuing these
changes in the past has been by the use of different tissue properties such as magnetization
transfer and magnetic resonance spectroscopy, but neither of these approaches has become
established in routine clinical practice. The present study differs from these approaches by
exploiting Ty, one of the tissue properties used with conventional clinical sequences in the
form of the MP-RAGE sequences. Small changes in Ty, which are insufficient to produce
contrasts with MP-RAGE sequences, can be amplified by the dSIR sequence and produce
obvious contrasts.

5.12. Clinical Importance of DPHL

The findings of the evidence of brain damage with dSIR sequences are important in
this group of patients who generally already have diagnoses of psychiatric disorders. After
severe drug overdoses or other hypoxic events, their underlying brain damage may not be
recognized, particularly when conventional MRI-examination findings are negative.

5.13. Reappraisal of the Syndrome of DHPL

The very different clinical and imaging features of the two cases described in this
paper to those in classical descriptions of DPHL raise the possibility that these cases may
be examples of a different condition rather than a less severe form of DPHL. In favor of
the patients described in this paper having DPHL is (i) the common feature of an initiating
global hypoxic event, (ii) the delayed onset and persistence of symptoms as well as (iii) the
predominant white-matter involvement in bilateral and symmetrical form with similar
sparing of U-fibres/peripheral white matter. There are differences in the sparing of the
central corpus callosum and the involvement of the cerebellum seen on dSIR images,
but these may be additional supplementary features that were not recognized previously.
Overall, it appears more likely that the cases described in this paper are less severe forms of
DPHL rather than examples of a different disease. They meet the basic requirements for the
diagnosis of the syndrome, i.e., they were delayed, post-hypoxic and leukoencephalopathic,
as determined by the dSIR sequences.

5.14. Conclusions

As a result of the use of dSIR pulse sequences, it is possible that DPHL will become a
commonly recognized complication of severe drug overdoses and other causes of asphyxia
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rather than be regarded as a rare syndrome. However, further studies will be needed to
establish this.

The opioid epidemic with a less-than-ideal initial treatment of patients” overdoses is
likely to be producing an increase in the incidents of cases of DPHL. This puts a premium
on the accurate recognition and diagnosis of the syndrome to assist in patient management.

Author Contributions: Conceptualization, G.N., P.C., EEK,, ] PM., TR.M., GM.B. and M.B.; method-
ology, G.N., P.C., TR.M. and M.B.; software, M.B. and D.M.C,; validation, M.B., M.G. and G.M.B.;
formal analysis, G.N., M.G. and M.S.; investigation, G.N., P.C. and D.M.C.; resources, G.N., M.S.
and S.J.H.; data curation, G.N. and P.C.; writing—original draft preparation, G.N., P.C. and GM.B;
writing—review and editing, all; visualization, P.C., D.M.C. and G.M.B,; supervision, S.J.H. and L.P;
project administration, L.P. and S.J.H.; funding acquisition, L.P. and S.J.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the Fred Lewis Enterprise Foundation, the Hugh Green
Foundation, Manaakia Moves Trust, the JN & HB Williams Foundation, the Mangatawa Beale
Williams Memorial Trust and Kanoa New Zealand. We are also grateful for support from GE
Healthcare and Matai Nga Mangai Maori.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Auckland Hospital Research Ethics Committee (approval number
AHRECAH1006 in 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to privacy restrictions.

Conflicts of Interest: All authors have completed the ICMJE uniform disclosure form (available at
http:/ /dx.doi.org/10.21037 /qims.2020.04.07). The authors have no conflicts of interest to declare.

References

1.  Winstanley, E.L.; Mahoney, ].]J., III; Castillo, F.; Comer, S.D. Neurocognitive impairments and brain abnormalities resulting from
opioid-related overdoses: A systematic review. Drug Alcohol. Depend. 2021, 226, 108838. [CrossRef]

2. Plum, F; Posner, ].B.; Hain, R.F. Delayed neurological deterioration after anoxia. Arch. Int. Med. 1962, 110, 18-25. [CrossRef]
[PubMed]

3. Lee, M.S.; Marsden, C.D. Neurological sequelae following carbon monoxide poisoning clinical course and outcome according to
the clinical types and brain computed tomography scan findings. Mov. Disord. 1994, 9, 550-558. [CrossRef] [PubMed]

4. Shprecher, D.; Mehta, L. The syndrome of delayed post-hypoxic leukoencephalopathy. NeuroRehabilitation 2010, 26, 65-72.
[CrossRef] [PubMed]

5. Shprecher, D.R; Flanigan, K.M.; Smith, A.G.; Smith, S.M.; Schenkenberg, T.; Steffens, J. Clinical and diagnostic features of delayed
hypoxic leukoencephalopathy. J. Neuropsychiatry Clin. Neurosci. 2008, 20, 473-477. [CrossRef] [PubMed]

6.  Custodio, C.M.; Basford, ].R. Delayed postanoxic encephalopathy: A case report and literature review. Arch. Phys. Med. Rehabil.
2004, 85, 502-505. [CrossRef] [PubMed]

7. Zamora, C.A.; Nauen, D.; Hynecek, R.; Ilica, A.T.; Izbudak, I.; Sair, H.I.; Gujar, S.K.; Pillai, J.J. Delayed posthypoxic leukoen-
cephalopathy: A case series and review of the literature. Brain Behav. 2015, 5, 00364. [CrossRef] [PubMed]

8. Balan, S.; Gupta, K,; Balasundaram, P.; Jadon, R. Reversible hypoxic brain injury: The penumbra conundrum of Grinker. BMJ
Case Rep. 2019, 12, €228670. [CrossRef] [PubMed]

9.  Molloy, S.; Soh, C.; Williams, T.L. Reversible delayed posthypoxic leukoencephalopathy. Case Rep. AJNR Am. |. Neuroradiol. 2006,
27,1763-1765.

10. Wallace, I.R.; Dynan, C.; Esmonde, T. One confused patient, many confused physicians: A case of delayed post-hypoxic
leucoencephalopathy. Q. J. Med. 2010, 103, 193-194. [CrossRef]

11. Okuda, S.; Ueno, M.; Hayakawa, M.; Araki, M.; Kanda, F.; Takano, S. Delayed posthypoxic leukoencephalopathy: Case reports.
Rinsho Shinkeigaku 2012, 52, 672-676. [CrossRef]

12.  Dinicu, A.IL; Chaudhari, A.; Kayyal, S. Diffuse subcortical white matter injury and bilateral basal ganglia neuronal loss after acute
opioid overdose. Neuroradiol. ]. 2020, 33, 267-270. [CrossRef]

13. Katyal, N.; Narula, N.; George, P.; Nattanamai, P.; Newey, C.R.; Beary, ].M. Delayed post-hypoxic leukoencephalopathy: A case
series and review of the literature. Cureus 2018, 10, e2481. [CrossRef]

14. Wikipedia. Grinker myelinopathy. Available online: https://en.wikipedia.org/wiki/Grinker_myelinopathy (accessed on 9

February 2024).


http://dx.doi.org/10.21037/qims.2020.04.07
https://doi.org/10.1016/j.drugalcdep.2021.108838
https://doi.org/10.1001/archinte.1962.03620190020003
https://www.ncbi.nlm.nih.gov/pubmed/14487254
https://doi.org/10.1002/mds.870090508
https://www.ncbi.nlm.nih.gov/pubmed/7990850
https://doi.org/10.3233/NRE-2010-0536
https://www.ncbi.nlm.nih.gov/pubmed/20166270
https://doi.org/10.1176/jnp.2008.20.4.473
https://www.ncbi.nlm.nih.gov/pubmed/19196933
https://doi.org/10.1016/S0003-9993(03)00471-4
https://www.ncbi.nlm.nih.gov/pubmed/15031841
https://doi.org/10.1002/brb3.364
https://www.ncbi.nlm.nih.gov/pubmed/26357591
https://doi.org/10.1136/bcr-2018-228670
https://www.ncbi.nlm.nih.gov/pubmed/31015246
https://doi.org/10.1093/qjmed/hcp155
https://doi.org/10.5692/clinicalneurol.52.672
https://doi.org/10.1177/1971400920927878
https://doi.org/10.7759/cureus.2481
https://en.wikipedia.org/wiki/Grinker_myelinopathy

Diagnostics 2024, 14, 418 15 of 15

15.

16.

17.
18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

Ma, Y.J.; Moazamian, D.; Port, ].D.; Edjlali, M.; Pruvo, ].-P.; Hacein-Bey, L.; Hoggard, N.; Paley, M.N.; Menon, D.K.; Bonekamp, D.;
et al. Targeted magnetic resonance imaging (tMRI) of small changes in the T1 and spatial properties of normal or near normal
appearing white and gray matter in disease of the brain using divided subtracted inversion recovery (dSIR) and divided reverse
subtracted inversion recovery (dSIR) sequences. Quant. Imaging Med. Surg. 2023, 13, 7304-7337. [CrossRef]

Ma, YJ.; Moazamian, D.; Cornfeld, D.M.; Condron, P.; Holdsworth, S.J.; Bydder, M.; Du, J.; Bydder, G.M. Improving the
understanding and performance of clinical MRI using tissue property filters and the central contrast theorem, MASDIR pulse
sequences and synergistic contrast MRI. Quant. Imaging Med. Surg. 2022, 12, 4658—-4690. [CrossRef]

Howe, M. Roy Richard Grinker, 92, Educator in Psychiatry. The New York Times, 11 May 1993.

Kates, M.; Roy, G., Sr. Former Freud Student. Obituary (1927-2022); Chicago Tribune: Chicago, IL, USA, 11 May 1993.

Grinker, R.R.; Spiegel, ].P. Men Under Stress; Blakiston: Philadelphia, PA, USA, 1945.

Hyde Park Historical Society. Nobody’s Normal: How Culture Created the Stigma of Mental Illness by Roy Richard Grinker PhD
Discussion Led by Eugene Raikhel PhD 18 October 2021. Available online: https://www.hydeparkhistory.org/blog/2021/09/29
/nobodys-normal-by-chicago-born-roy-richard-grinker (accessed on 9 February 2024).

Hsiao, C.L.; Kuo, H.C.; Huang, C.C. Delayed encephalopathy after carbon monoxide intoxication—Long-term prognosis and
correlation of clinical manifestations and neuroimages. Acta Neurol. Taiwan. 2004, 13, 64-70.

Laule, C.; Port, J.D. (Eds.) Imaging Neuroinflammation; Academic Press: Cambridge, MA, USA, 2023.

Quarantelli, M. MRI/MRS in neuroinflammation: Methodology and applications. Clin. Transl. Imaging 2015, 3, 475-489.
[CrossRef]

Newburn, G.; McGeown, J.P.; Kwon, E.E.; Tayebi, M.; Condron, P.; Emsden, T.; Holdsworth, S.J.; Cornfeld, D.M.; Bydder, G.M.
Targeted MRI (tMRI) of small increases in the T; of normal appearing white matter in mild traumatic brain injury (mTBI) using a
divided subtracted inversion recovery (dSIR) sequence. OBM Neurobiol. 2023, 7, 201. [CrossRef]

Ma, Y.-J.; Searleman, A.C.; Jang, H.; Wong, J.; Chang, E.Y.; Corey-Bloom, J.; Bydder, G.M.; Du, J]. Whole-brain myelin imaging
using 3D Double-Echo Sliding Inversion Recovery Ultrashort Echo Time (DESIRE UTE) MRI. Radiology 2020, 294, 362-374.
[CrossRef] [PubMed]

Ma, Y.-].; Jang, H.; Wei, Z; Cai, Z.; Xue, Y.; Lee, RR; Chang, E.Y.; Bydder, G.M.; Corey-Bloom, ].; Du, J. Myelin imaging in
human using a Short repetition Time Adiabatic Inversion Recovery Prepared Ultrashort Echo Time (STAIR-UTE) MRI sequence
in Multiple Sclerosis. Radiology 2020, 297, 392-404. [CrossRef] [PubMed]

Wei, Z.; Jang, H.; Bydder, G.M.; Yang, W.; Ma, Y.-]. Fast T1 measurement of cortical bone using 3D UTE Actual Flip Angle Imaging
and Single Repetition Time Acquisition (3D UTE-AFI-STR). Magn. Reson. Med. 2021, 85, 3290-3298. [CrossRef] [PubMed]
Kesselring, D.; Miller, D.H.; MacManus, D.G.; Johnson, G.; Milligan, N.M.; Scolding, N.; Compston, D.A.; McDonald, W.I
Quantitative magnetic resonance imaging in multiple sclerosis: The effect of high dose intravenous methylprednisolone. J. Neurol.
Neurosurg. Psychiatry 1989, 52, 14-17. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.21037/qims-23-232
https://doi.org/10.21037/qims-22-394
https://www.hydeparkhistory.org/blog/2021/09/29/nobodys-normal-by-chicago-born-roy-richard-grinker
https://www.hydeparkhistory.org/blog/2021/09/29/nobodys-normal-by-chicago-born-roy-richard-grinker
https://doi.org/10.1007/s40336-015-0142-y
https://doi.org/10.21926/obm.neurobiol.2304201
https://doi.org/10.1148/radiol.2019190911
https://www.ncbi.nlm.nih.gov/pubmed/31746689
https://doi.org/10.1148/radiol.2020200425
https://www.ncbi.nlm.nih.gov/pubmed/32779970
https://doi.org/10.1002/mrm.28655
https://www.ncbi.nlm.nih.gov/pubmed/33404142
https://doi.org/10.1136/jnnp.52.1.14
https://www.ncbi.nlm.nih.gov/pubmed/2709033

	Introduction 
	Theory 
	Methods 
	Results 
	Discussion 
	Clinical and MRI Summary 
	Grinker’s Myelinopathy 
	Clinical Features of DPHL 
	CT and MRI Features of DPHL 
	Pathology 
	dSIR Sequences 
	Targeting 
	Implementation of dSIR Sequences 
	Validation of dSIR Imaging Findings 
	Additional Imaging Options 
	Normal-Appearing White Matter 
	Clinical Importance of DPHL 
	Reappraisal of the Syndrome of DHPL 
	Conclusions 

	References

