
FIGURE 7.1 This schematic of a neuron depicts the many neuronal membrane and physiological effects incurred during the initial stage of 
TBI when a head hits a stationary object. TBI initiates a host of adverse physiological processes, each having a different pathological effect 
as indicated by the arrows. Note that many of the pathological disruptions have multiple feedback pathways that, in turn, initiate a multi-
tude of other adverse effects. From Bigler and Maxwell (2012), used with permission from Springer Publishing. Adapted with permission 
from Mazzeo et al. 2009 which also provides detailed explanations for all pathological events shown in this illustration.  From Lezak, M.D., 
Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford University Press.

Neurotransmitter
release

Opens
ion channels

Diffuse axonal
injury

Glutamate uptake

Brain edema
high ICP

Glycolysis
Reduced

CBF

Axonal
transport
ceases

Neurofilament
and Cytoskeletal

derangement

GLU, ACH

ACH
GLU

GLU
Glucose

Swollen
astrocytes

“cytotoxic
swelling”

Primary Brain Injury

Cerebral vessel
damage

Opening of BBB

Increased
interstitial fluid and

tissue pressure

Activation of biomolecular
mediator of injury

Neuronal membrane
damage

Cytotoxic Edema

Secondary Brain Injury:
Ischemia, Brain dysfunction

Cytochrome C
Leakage

Mitochondrial
swelling

and impaired
function

Direct
shearing
effect on

mitochondria

Free
radicals

Lactate

Reduced
O2 delivery Cytochrome

oxidase II impaired

Distorted
ion channels

GABA channel

Memory and
behavior changes

Second
messengers
deranged

Calcineurin

CI–

ATP

Transition
pore
opens

Failure of Na+/K+

ATPase transport

K+
K+

K+

K+

K+

Na+

Ca++

Ca++

Ca++

entry

Vasogenic
Edema

CPP CBV

ICP

Vasodil.

Neuromembrane Events in TBI

Lezak-Figures.indd   34Lezak-Figures.indd   34 3/15/2012   4:57:33 PM3/15/2012   4:57:33 PM



FIGURE 7.2 Proteins are the building blocks of all tissues. In this diagram the degree of pathological changes in protein integrity (higher indicating 
greater pathological change) is on the y axis. The x axis depicts the multitude of pathological and potential regrowth processes, some interde-
pendent others dependent, that occur over time once a TBI occurs. Important for neuropsychology is that these protein-based neural changes are 
dynamic and many play out for months postinjury showing the nonstatic nature of brain injury within the fi rst years of injury. Reproduced with 
permission from Ottens et al., 2006. From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, 
Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.3 Two pathways lead to axonal breakdown (axotomy) in TBI. Primary axotomy happens immediately or within an hour and is the 
product of shearing forces that induce diffuse axonal injury (DAI). However, the much more common damage to the axon (secondary axotomy) 
plays out over a long period of time. Note all of the stages and different time factors that may produce secondary axotomy. Reproduced with 
permission from Springer Publishing and Bigler and Maxwell (2011) which also provides additional details and references as shown in the 
diagram’s parentheses. From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. 
New York, NY: Oxford University Press.
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FIGURE 7.4 (Left) Day of injury (DOI) initial CT scan prior to neurosurgery depicting the trajectory and path of a bullet injury to frontotempo-
ral areas of the brain. The scans are in radiological perspective, with bullet entrance in the region of the left temple.Shattered bone fragments 
showered throughout the temporal lobe with some extending into the posterior left frontal region. The bullet fragments traversed from the left 
temporal entrance to the right frontal region where a fragment lodged in the skull. Metal fragments defl ect the x-ray beam creating the stellate 
artifact as shown. Hemorrhagic lesions developed along the trajectory with a large intracerebral hematoma in the right frontal region. An outline 
of the bullet trajectory can be visualized from left to right across the frontal lobes. (Right) One month postsurgery, a right frontal craniotomy is 
apparent (absence of skull) with multiple retained bone fragments mostly in the left temporal area, but some extending into the posterior fron-
tal. Note the expansion of the ventricular system, an indication of cerebral atrophy. Reproduced with permission from T.W. Kim et al., Journal 
of Trauma, 2007. From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New 
York, NY: Oxford University Press.
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FIGURE 7.5 MRI demonstration of the effects of penetrating brain injury. This pre-teen child sustained a penetrating TBI when the family car the 
child was riding in was involved in an accident and dislodged metal from inside the car penetrated the right frontal region (white arrow in A-note 
that the MRI scan image is not in radiological perspective). Note that the axial T1 (left), FLAIR (second from left) and  the colorized DTI images are 
not in radiological orientation because they are paired with a 3-D surface rendering of the right hemisphere showing the tractography of the corpus 
 callosum. The focal effects of the penetrating damage are clearly identifi able on the T-1 images that show up as the darkest areas, refl ective of enceph-
alomalcia as can be visualized in the FLAIR image, which also shows underlying white matter damage. This focal right frontal damage resulted in a 
marked reduction in the corpus callosum projections in this area as shown by the arrow in the right-hand 3-D image.  From Lezak, M.D., Howieson, 
D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.6 Postmortem section showing the central penetration wound from a bullet which produces a permanent cavity in the brain. The tissue 
immediately adjacent to the cavity represents macerated tissue with astrocytic destruction and an outer rim of scattered hemorrhagic lesions. The 
next but much larger circle represents an area of great axonal destruction distal from the focal effects of the penetrating injury. Used with per-
mission from Oehmichen et al., 2004. From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, 
Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.7 (A) Diagram showing impulsive loading from the rear (left) and front (right). Impact loading is diagrammatically presented in (B) with 
a fi xed object and (C) with a moving object. V

–
   = velocity, F

–
    = Force (mass times acceleration) and α = rotational change. From Goldsmith and 

Plunkett (2004) used with permission. From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, 
Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.8 Mid-sagittal schematic showing the impact dynamics of 
angular decelerations of the brain as the head hits a fi xed object; i.e., 
where the greatest stretch, strain and rotational force effects occur 
in the brain. Note the particular vulnerability of core areas within 
the brain, including the upper brainstem, thalamus, fornix, corpus 
callosum and cingulate gyrus as well as the impact vulnerability of 
the frontal lobe, highlighted with red shading. From Ropper and 
Gorson (2007) used with permission from the New England Journal 
of Medicine.  From Lezak, M.D., Howieson, D.B., Bigler, E.D., & 

Lezak-Figures.indd   41Lezak-Figures.indd   41 3/15/2012   4:57:42 PM3/15/2012   4:57:42 PM



FIGURE 7.9 Wave propagation and contact phenomena following 
impact to the head. Note the in-bending of the skull on initial con-
tact and the energy propagation wave that moves through the brain, 
impacting the base of the skull even though impact occurred dor-
sally, and then the bounce-back wave. From Goldsmith and Plunkett 
(2004) used with permission. From Lezak, M.D., Howieson, D.B., 
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FIGURE 7.10 (A–H) The colorized images represent a 3-D CT recreation of the day-of-injury hemorrhages resulting from a severe TBI: note their 
preponderance in the frontal and temporal regions of the brain. Some of these hemorrhages are closer to the cortical surface (top arrows in B), 
or at the gray-white junction or within the white matter (arrows in F), or within the ventricle (bottom arrow in B). The top arrow in C points 
to a small epidural hematoma in the frontal lobe; the bottom arrow points to the sphenoid bone, a common site for hemorrhagic contusion 
which can be visualized around this area. I, J and K demonstrate the most likely areas where hemorrhagic contusions result in cortical gray 
matter volume loss. A Coronal postmortem section is shown in L demonstrating the multiple locations of and types of hemorrhages in TBI. 
The arrow in the corpus callosum points to shear/strain within the corpus callosum, likely a result of the corpus callosum striking the falx 
cerebri. The small black arrows point to petechial hemorrhages within the putamen. The circles show the numerous intraparenchymal hemor-
rhages, often at the gray-white matter interface or toward the gyral surface (used with permission from Bigler and Maxwell, 2012 and Springer 
Publishing).  From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, 
NY: Oxford University Press.
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FIGURE 7.11 (TOP). The left column shows the mid-sagittal MRI with an atrophied corpus callosum and old shear lesion in the isthmus (A). 
The directional DTI color map with the corpus callosum is outlined in red because at the mid-sagittal level the tracts are coursing laterally 
across the corpus callosum (C). The right side column of scans depicts the normal mid-sagittal appearance of the corpus callosum from a healthy 
age-matched control. D shows the typical appearance of CC tracts. Note the obvious size difference comparing A and C to B and D. However, 
most notable is the thinning out of corpus callosum tracts revealed by tractography (compare E to F). Used with permission from Bigler and 
Maxwell (2011) and IOS Press.  From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth 
Edition. New York, NY: Oxford University Press.

Lezak-Figures.indd   44Lezak-Figures.indd   44 3/15/2012   4:57:53 PM3/15/2012   4:57:53 PM



FIGURE 7.12 MRI comparisons at different levels of TBI severity in children with a mean age of 13.6. All axial MRIs are approximately at the 
head of the caudate nucleus/anterior horn and third ventricle level. The image on the left is from an orthopedically injured (OI) control and is 
representative of what a normal brain should appear like at this level and for age. VBR stands for “ventricle-to-brain ratio” and is the ratio of 
total ventricular volume divided by brain volume multiplied by 100, so that whole number values are used. A normal VBR for this age is around 
1.00 with a standard deviation of .30. As such, the OI control and mild (Glasgow Coma Scale or GCS = 15) TBI case are within normal limits 
however, the patients with GCS scores of 6 and 3 demonstrate progressively increased atrophy, most evident by the increased size of the ventricle 
and prominence of the sulci. Used with permission from Informa Health from Ghosh et al. (2009). From Lezak, M.D., Howieson, D.B., Bigler, 
E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.13 (A) 3-D MRI reconstruction of a severe TBI highlighting the frontal focus of traumatic hemorrhages, shown in red. Susceptibility-
weight MRI is most sensitive in detecting prior hemorrhage: old hemorrhagic lesions in the frontal region appear in the horizontal (B), 
sagittal (C) and coronal (D) planes. These images are not in radiological perspective as the arrows point to hemorrhages in the right frontal 
lobe. A postmortem section showing different types of acute hemorrhage is shown in E where the top arrow points to a small hemorrhage 
at the gray-white matter interface, the long arrow just beneath points to a large intracerebral hemorrhage with additional hemorrhagic 
lesions in the corpus callosum (top middle arrow), and the bottom arrow points to the prominent collapse and midline shift of the ventric-
ular system along with inferior frontal surface contusion). As shown in F, intraparenchymal hemorrhagic lesions may leave some of the 
brain tissue cleaved apart which in turn fi lls with CSF (arrow). Used with permission from Bigler and Maxwell (2011) and IOS Press. G and 
H are from a different TBI patient showing the appearance of various types of hemorrhages in the acute stage (1st Scan and After Epidural 
Removal) and their effects on brain integrity after six weeks post-injury including where the MRI FLAIR sequence demonstrates ventric-
ular dilation, focal encephalomalacia and numerous white matter hyperintensities outside the boundaries where focal damage occurred. 
 From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford 
University Press.
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FIGURE 7.14 This is a case of mild TBI in which conventional imaging (upper left) shows no abnormality but the fractional anisotropy DTI map 
(top, middle image) does. The region of interest is highlighted in red in the upper right image. DTI tractography of the frontal region shows 
tract discontinuities in the white matter emanating from the corpus callosum into the left frontal region (region of the forceps minor) where the 
discontinuities are highlighted (see arrow). From Rutgers et al. (2008) used with permission from The American Society of Neuroradiology.  
From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford 
University Press.
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FIGURE 7.15 The brain regions involved in TBI that overlap with PTSD are highlighted in this schematic based on the review by M.B. Stein and 
McAllister (2009). Note the overlap in frontotemporal and limbic regions.  From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. 
(2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.16 “The three neurodegenerative diseases classically evoked 
as subcortical dementia are Huntington’s chorea with lesions in the 
striatum, particularly the caudate nucleus, Parkinson’s disease with 
severe neuronal loss in the substantia nigra, and progressive supra-
nuclear palsy with severe neuronal loss in the striatum and substantia 
nigra, associated with degeneration of other structures in the basal 
ganglia, upper brainstem, and cerebellum.” (From Agid et al., 1987, 
reprinted by permission.) From Lezak, M.D., Howieson, D.B., Bigler, 
E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth 
Edition. New York, NY: Oxford University Press.
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FIGURE 7.17 Tracings of law professor’s Complex Figure copies 
(see text for description of his performance). The colored pens he 
used to draw the fi gure were switched in the course of his draw-
ing, permitting this tracing to show the order in which he drew the 
fi gures. The drawing sequence for the fi rst (upper) fi gure is indicated 
by the different lines: ___, _ _ _,  . . . , . The drawing sequence 
for the second (lower) fi gure was ___, _ _ _, ,  . . . , _._._. From 
Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). 
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FIGURE 7.18 Immediate (upper) and delayed (lower) recall of the 
Complex Figure by the law professor with Huntington’s dis-
ease whose copies of the fi gure are shown in Figure 7.17. From 
Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). 
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FIGURE 7.19 Pyramid diagram of HIV-Associated Neurocognitive Disorders (HAND) with the end-
point shown as HIV-associated dementia (HAD). Reproduced with permission from Wiley Interscience 
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FIGURE 7.20 Schematic fl ow diagram showing a diagnostic decision tree for various neurocognitive disor-
ders associated with HIV. From Woods, Moore, et al. (2009) reproduced with permission from Springer. 
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FIGURE 7.21 Autopsy-proved HIV encephalitis in an AIDS patient with dementia. (Left) Axial T2-weighted fast spin- MR image at the level of 
the lateral ventricles shows hyperintensities (arrow) in the deep white matter. (Right) On FLAIR fast spin-echo MR image, these lesions (solid 
arrow) as well as periventricular hyperintense abnormalities (open arrow) are clearly visible. From Thurnher et al. AJNR. 18 (9): 1601. (1997). 
Used with permission. From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. 
New York, NY: Oxford University Press.

Lezak-Figures.indd   54Lezak-Figures.indd   54 3/15/2012   4:58:37 PM3/15/2012   4:58:37 PM



FIGURE 7.22 The devastating effects of structural damage from herpes simplex encephalitis especially involving the destruction of the medial 
temporal lobes: shown in the coronal T1 MRI on the left. The image on the right is from a similarly aged control patient. Note the differences 
in the size of the ventricle and the prominence of the cortical sulci and increased surface CSF. From Lezak, M.D., Howieson, D.B., Bigler, E.D., 
& Tranel, D. (2012). Neuropsychological Assessment, Fifth Edition. New York, NY: Oxford University Press.
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FIGURE 7.23 Postmortem appearance of a glioblastoma multiforme.  
From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. 
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FIGURE 7.24 Postmortem appearance of a mid-sagittal frontal meningioma (left) and a large inferior fron-
tal meningioma (right). Note the displacement of brain parenchyma.  From Lezak, M.D., Howieson, 
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FIGURE 7.25 Postmortem appearance of malignant melanoma.  From 
Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). 

Lezak-Figures.indd   58Lezak-Figures.indd   58 3/15/2012   4:58:44 PM3/15/2012   4:58:44 PM



FIGURE 7.26 Postmortem appearance of pulmonary metastasis to the 
brain.  From Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, 
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FIGURE 7.27 The MRI on the left shows bilateral ischemic hypoxic 
injury to the globus pallidus characteristic of acute anoxic brain 
injury on the day of injury (DOI). The images on the right show 
the later evolving diffuse effects of anoxic injury as well. From 
Lezak, M.D., Howieson, D.B., Bigler, E.D., & Tranel, D. (2012). 
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